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PREFACE. 


The  history  of  Chemistry  as  an  exact  acicnco  may  bo  said  to 
date  from  Lavoisier,  who  first  used,  the  balance  in  investigating 
chemical  phenomena,  and  the  progress  of  tlie  science  since  liis 
time  has  been  owing,  in  great  measure,  to  the  improvements 
whicli  have  been  made  in  the  processes  of  weighing  and  measur- 
ing small  quantities  of  matter.  Tliese  processes  are  now  the 
chief  instruments  in  the  hands  of  the  chemical  investigator,  and 
it  is  evidently  essential  that  he  sliould  bo  familiar  witli  tlie  causes 
of  error  to  wliich  they  are  liable,  and  should  be  able  to  deter- 
mine the  degree  of  accuracy  of  which  they  are  capable.  All  tliia, 
however,  requires  a  tlieoretical  knowledge  of  the  prmciples  which 
the  processes  involve;  and  tlie  chemical  investigator  wlio, ■without 
it,  relies  on  mere  empirical  rules,  will  be  exposed  to  constant 
error. 

This  volume  is  intended  to  fornish  a  full  development  of 
these  principles,  and  it  is  hoped  that  it  will  serve  to  advance 
the  study  of  chemistry  in  the  colleges  of  this  country.  In  order 
to  adapt  tlio  work  to  tlio  purposes  of  instruction,  it  has  been  pre- 
pared on  a  strictly  inductive  method  throughout ;  and  any  stu- 
dent who  has  acquired  an  elementary  knowledge  of  mathematics 
will  be  able  to  follow  tlie  course  of  reasoning  without  difficulty. 
So  much  of  the  subject-matter  of  mechanics  has  been  given  at 
the  beginning  of  the  volume  as  ivas  necessary  to  secure  this 
object ;  and  for  the  same  reason,  each  chapter  is  followed  by  a 
large  number  of  problems,  which  are  calculated,  not  only  to  test 
the  knowledge  of  the  student,  but  also  to  extend  and  apply 
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tbc  principles  discussed  in  the  ■work.  Eegarding  a  knowledge 
of  methods  and  principles  as  the  primary  object  in  a  course  of 
scientifie  instruction,  the  autlior  has  developed  several  of  the 
subjects  to  a  much  greater  extent  than  is  usual  in  elementary 
■works,  solely  for  the  purpose  of  illustratujg  the  processes  and  the 
logic,  of  physical  research.  Thus,  the  moans  of  measuring  tem- 
perature and  the  defects  of  tbc  mercurial  thermometer  have  been 
described  at  length,  in  order  to  show  how  rapidly  tlie  difficulties 
multiply  when  we  attempt  to  push  seientific  observations  beyond 
a  limited  degree  of  accuracy ;  so  also  the  history  of  Mariotte's 
law  has  been  given  in.  detail,  for  the  purpose  of  illustrating  tlie 
nature  of  a  physical  law,  and  the  limitations  to  'vrhich  all  laws 
arc  more  or  less  liable  ;  the  condition  of  salts  when  in  solution, 
and  the  nature  of  supersaturated  solutions,  have  in  like  manner 
been  fully  discussed  as  examples  of  seientific  theories ;  and,  lastly, 
the  method  of  representing  physical  phenomena  by  empirical  for- 
mulas and  curves,  which  are  the  preliminary  substitutes  for  laws, 
has  been  illustrated  in  connection  with  Reguault's  experiments 
on  the  tension  of  aqueous  vapor. 

Although,  for  the  reason  just  given,  it  has  not  been  the  aim  of 
the  author  to  make  a  mere  digest  of  facts,  care  has  been  taken 
to  include  tlie  latest  results  of  science,  and  where  it  was  impos- 
sible to  enter  into  details,  references  are  given  to  the  original 
memoirs.  The  author  would  earnestly  recommend  the  advanced 
student  to  extend  his  study  to  these  memoirs,  and  not  to  spend 
much  time  in  reading  text-books.  All  eorapendiums  are  unavoid- 
ably incomplete.  They  can  only  give  general  results,  which  are 
necessarily  stated  in  definite  terms,  and  are  apt  to  convey  a  false 
notion  of  the  true  character  of  the  phenomena  and  laws  of  nature. 
A  student  who  desires  to  train  his  powers  of  observation  cannot 
expend  labor  more  profitably  than  in  looking  up  fully  in  a  lai^e 
libraiy  one  or  more  of  the  subjects  mentioned  above,  and  reading 
all  the  original  memoirs  tliat  have  been  written  upon  it.  It  is 
only  in  this  way  that  he  can  learn  what  scientific  investigation  has 
really  done,  as  well  as  what  can  be  expected  from  it,  and  can  thus 
prepare  lumself  to  work  with  advantage  in  extending  the  bounda- 
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rica  of  knowledge.  Moreover,  that  peculiar  scientific  power  whicli 
is  so  essential  to  the  successful  interpretation  of  natural  phenom- 
ena can  be  acquired  only  at  these  fountain-heads  of  knowledge. 

In  preparing  the  work,  tlie  autlior  has  used  freely  all  the  ma- 
terials at  his  command.  Moat  of  the  woodcuts  in  the  book  have 
been  transferred  from  the  pages  of  different  standard  works,  but 
especially  ft-om  the  TraitS  de  Physique  of  Ganot.  The  excel- 
lent work  of  Buff,  Kopp,  and  Zamminer  has  been  repeatedly 
consulted,  as  well  as  those  of  Miller,  of  Graham,  of  Dagnin,  of 
Jamin,  of  Miiller,  of  Eunsen,  of  Dana,  and  of  Silliman,  and  all 
that  is  suitable  for  the  illustration  of  his  subject  has  been 
borrowed  from  them.*  Whenever  it  was  possible,  the  original 
memoirs  were  cousiilted,  especially  those  of  Ecgnault  in  the 
twenty-first  volume  of  tlie  MSmoires  de  PAcadSmie  des  Scienr 
ces.  Indeed,  this  distinguished  experimentalist  has  so  greatly 
improved  the  methods  of  investigation  in  tliis  department  of 
Physics,  that  any  text-book  on  the  subject  must  necessarily  be 
ill  great  measure  an  abstract  of  his  labors. 

A  large  number  of  valuable  tables  ai-e  included  in  an  Ap- 
pendix at  the  end  of  the  volume.  Several  of  these  have 
been  re-calculated  ;  but  the  rest  are  selected  with  care  from 
standard  autliors.  The  authority  for  each  table,  and  the  page 
on  which  the  metliod  of  using  it  is  described,  are  given  at  the 
commencement  of  the  Appendix.  A  list  of  numerous  otlier 
tables  distributed  through  the  body  of  the  work  will  be  found, 
under  the  word  "  Tables,"  in  tlie  Index.  The  author  is  in- 
debted   to   Captain    Charles    Henry  Bavis,    Siiperintendent   of 

*  Buff,  Kopp,  und  Ztimminef.    Lehrbucli  dcr  pliysikaliachen  und  theocetischen 
Chemie.    Bvaansdiweig,  1857. 
Miller.    Elements  of  Chemistry.    Pflrt  I.  Chemical  Physics.    London,  1855. 
Graham.    Elonienta  of  Chemistry.     Vol.  L,  London,  IS50.    Vol.11.,  1857. 
Daguin.    Traits  de  Physique.    Tom.  I.    Paris,  1855. 
Jamin.     Cours  de  Physique.    Tom.  L    Paiis,  1358. 
MUUer.    Lehrbuoh  der  Pliysik  und  Metoorolc^ie.    Braunschweig,  185G. 
Bnnsen.     GasomeWy.    Translated  by  Roseoe.    Loudon,  1857. 
Dana.     System  of  Minei'alogy.    Vol.  L    New  Yort,  1854. 
Silliman.    Pii-st  Principles  of  Phj^ies.    Philadelphia,  1859. 
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the  Nautical  Almanac,  for  the  use  of  a  table  of  logaritlims  of 
natural  numbers  to  four  places  of  decimals,  which  will  bo 
found  sufficient  for  solving  most  of  the  problems  in  this  book. 
The  greater  number  of  the  problems  were  prepared  by  the 
author  ;  the  rest  have  been  selected  from  vaiious  works,  but 
espcciaUy  from  Kahl's  Aufgaben  aus  der  Fhysik,  and  from  the 
Appendix  to  Ganot's  TimtS  de  Physique.  Solutions  of  tliese 
problems  will  be  published  hereafter,  though  for  an  obvious 
reason  they  are  not  included  in  this  Tolume.  For  the  ptirpose 
of  ready  xeference,  the  sections  and  equations  havo  beea  num- 
bered ;  the  numbers  of  sections  are  given  in  parentheses,  those 
of  equations  in  brackets  ;  and  in  order  still  further  to  facihtate 
reference,  a  list  of  tho  formulai  is  included  in  the  Index. 

Great  pams  have  been  taken  in  the  printing  of  the  book  to 
avoid  errors,  and  the  autlior  is  under  especial  obligation  to 
his  friend,  Professor  Henry  "W.  Torrey,  for  a  careful  revision 
of  the  proof-sheets.  The  difficulties  of  securing  perfect  accu- 
racy in  printing  formula  and,  tables  are  almost  insurmountable, 
and  many  misprints  have  undoubtedly  occurred.  Such  as  may 
be  discovered  will  be  corrected  in  the  next  edition  ;  and  the 
author  will  feel  under  obligations  to  any  of  liis  readers  who  will 
have  tlie  kindness  to  send  hun  a  note  of  such  as  they  find. 

Although  the  present  volume  is  a  complete  treatise  in  itself 
of  the  principles  involved  in  the  processes  of  weighing  and  meas- 
uring, it  is  also  intended  to  serve  as  the  first  volume  of  an 
extended  work  on  the  Philosophy  of  Chemistry.  The  arrange- 
ment of  the  chapters  and  sections  has  been  adopted  with  this 
view,  and  the  inductive  method  begun  in  this  volume  wiU  be  con- 
tinued tliroxigh  the  whole  work.  The  second  volume  wOl  treat 
of  Light  in  its  relations  to  Crystallography  (including  Mathemat- 
ical Crystallography),  and  also  of  Electricity  in  its  relations  to 
Chemistry.  The  third  and  last  volume  will  be  on  Stoichiometry 
and  the  prmeiples  of  Chemical  Classification.  This  volume  is 
now  in  preparation,  and  will  be  published  nest. 

Cahbiii])ge,  February  1,  ISGO. 
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PART    I. 

CHEMICAL   PHYSICS. 


CHAPTEE    I. 

ISTRODUCTIOS. 

(1.)  Matter,  Body,  Substance.  —  That  of  wliioh  the  universo 
consists,  which  occupies  space,  and  irMch  is  tlie  ohjoct  of  our 
senses,  is  named  matter.  Any  Hmited  portion  of  matter,  whether 
it  be  a  grain  of  sand  or  the  terrestrial  globe,  is  called  a  body ; 
and  the  different  kinds  of  matter,  such  as  iron,  ■water,  or  air,  are 
termed  substances.  The  number  of  distinct  substances  already 
described  is  exceedingly  large ;  but  they  are  all  formed  by  the 
combination  of  a  few  simple  substances,  called  Elements,  or  else 
consist  of  one  element  alone.  The  tendency  of  science  for  tlie 
last  fifty  years  has  been  to  increase  the  number  of  the  elements  ; 
at  present  sixty-two  arc  admitted.  But  those  recently  discovered 
exist  only  in  minute  quantities  on  the  surface  of  the  globe,  and 
appear  to  play  a  very  subordinate  part  in  the  economy  of  na- 
ture. In  regard  to  the  essential  nature  of  matter,  or  of  the 
elements  of  which  it  consists,  wo  have  no  knowledge ;  but  we 
have  observed  the  properties  of  almost  all  known  substances, 
as  well  elements  as  compotmds,  have  studied  their  mutual  rela- 
tions and  their  action  on  eacli  other,  and  have  discovered  many 
of  the  laws  which  they  obey. 

(2.)  General  and  Specific  Properties.  —  If  we  study  the 
properties  of  iron,  we  sliall  fiud  that  they  may  be  divided  into 
two  classes ;  —  one  class,  which  iron  possesses  in  common  with 
all  substances ;  the  other,  which  are  peculiar  to  iron,  and  dis- 
tinguish it  from  other  kinds  of  matter.  A  mass  of  iron  occupies 
space, —  or,  in  tho  language  of  geometry,  possesses  extension; 
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it  gravitates  towards  the  earth,  that  is,  it  1ms  -weight.  Bixt  ev- 
ery otlier  substance  as  well  as  iron,  gases  and  hquids  as  well  as 
solids,  possess  both  extension  and  weight.  Such  properties  as 
these,  which  are  common  to  all  kinds  of  matter,  are  called 
General  Properties.  Besides  these  general  properties,  iron  is 
endowed  with  other  qualities,  which  are  peeiiliar  to  itself.  Thus 
iron  not  only  possesses  extension,  hut  it  has  a  peculiar  crystal- 
line form.  It  not  only  possesses  weight,  hut  every  piece  of  iron 
weighs  7.8  times  as  much  as  tho  same  hulk  of  water.  It  has 
also  a  certain  hardness  and  a  familiar  lustre.  Properties  like 
the  last,  which  are  peculiar  to  a  given  substance,  and  servo  to 
distinguish  it  from  other  kinds  of  matter,  are  called  Specific 
IVoperties. 

(3.)  Physical  amd  Cltemical  Changes. — If,  next,  we  study  the 
vanous  changes  to  which  all  substances  are  liable,  we  shall  find 
that  they  also  may  be  divided  into  two  classes; — first,  those 
changes  by  which  the  specific  properties  are  not  altered ;  and,  sec- 
ondly, those  by  which  the  specific  properties  are  essentially  modi- 
fied, and  the  identity  of  the  substance  lost.  Thus  a  mass  of  copper 
may  be  transported  to  a  distant  part  of  the  globe,  it  may  be  di- 
vided into  exceedingly  small  particles,  it  may  be  melted  and  cast 
into  nails,  it  may  be  coined ;  but  yet,  although  the  position,  the 
size,  or  tlie  external  shape  is  thiis  entirely  changed,  those  quah- 
ties  which  distinguish  copper,  which  make  it  to  be  copper,  are 
not  altered.  Water  may  be  frozen  by  cold  or  converted  into 
steam  by  heat,  yet  the  water  is  not  destroyed  ;  for  if  tho  ice  be 
melted,  or  the  steam  condensed,  fluid  water  reappears,  with  all 
its  characteristic  properties.  A  bar  of  iron,  when  in  contact 
with  a  magnet,  becomes  itself  magnetic,  and  acquires  the  power 
of  attracting  small  particles  of  iron.  So  also  a  stick  of  sealing- 
wax,  if  rubbed  with  a  silk  handkerchief,  becomes  electrified,  and 
endowed  with  the  power  of  attracting  light  pieces  of  paper ;  but 
the  peculiar  properties  of  iron  and  sealing-wax  are  not  essentially 
modified  by  these  changes.  Such  changes,  which  do  not  destroy 
the  identity  of  substance,  are  called  Physical  Changes. 

On  the  other  hand,  if  copper  filings  are  heated  for  some  time 
in  contact  with  the  air,  they  fall  into  a  black  powder  (oxide  of 
copper)  ;  if  heated  with  sulphuric  acid,  they  are  converted  into 
a  blue  crystalline  solid  (sulphate  of  copper)  ;  and  in  either  case 
the  properties  of  copper  entirely  disappear.     If  steam  is  passed 
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over  metallic  iron  lieatcd  to  a  red  heat,  it  yields  a  combustible 
gas  (hydrogen).  If  an  iron  bar  is  exposed  to  moist  air,  it  slowly 
crambles  to  a  red  powder  (iron-rust).  If  sealing-wax  is  heated 
to  a  red  heat,  it  bums,  and  is  apparently  annihilated  ;  but,  as  we 
shall  hereafter  see,  it  changes  by  biirning  into  invisible  gases 
(vapor  of  water  and  carbonic  acid).  Changes  like  these,  by 
which  the  distinguishing  properties  of  a  substance  .are  altered, 
and  the  substance  itself  converted  into  a  different  substance,  are 
called  Clieniical  Charges. 

(4.)  Physical  and  Chemical  Properties.  —  Corresponding  to 
the  two  classes  of  changes  above  described  arc  two  classes  of 
properties,  into  which  we  may  divide  the  specific  properties  of  a 
substance.  Those  properties  which  a  substance  may  manifest 
witlioxit  undergoing  any  essential  change  itself,  or  causing  any 
essential  changes  in  other  substances,  are  generally  called  Phys- 
ical Properties.  On  the  other  hand,  those  properties  which  "  re- 
late essentially  to  its  action  on  other  substances,  and  to  the 
permanent  changes  which  it  eitlier  experiences  in  itself,  or  which 
it  effects  upon  tliem,"  *  are  called  Cliemical  Properties.  Thus, 
among  the  physical  properties  of  iron  we  should  include  its  great 
tenacity  and  malleability,  its  specific  gravity,  its  peculiar  lustre, 
its  great  infusibility,  the  facility  with  which  it  may  be  forged  at 
a  high  temperature,  its  power  of  transmitting  electricity  and  of 
assuming  magnetic  polarity.  Among  its  chemical  properties,  on 
the  other  hand,  we  should  enumerate  the  ease  with  which  it  rusts 
in  the  air,  the  readiness  with  which  it  dissolves  in  dilute  acids, 
its  combustibility  in  oxygen  gas,  and  many  others.  This  last 
class  of  properties  evidently  cannot  be  manifested  by  iron  with- 
out its  losing  its  essential  properties  and  ceasing  to  be  iron. 
The  first  class,  on  the  other  hand,  do  not  involve  any  such  i-adi- 
eal  changes. 

(5.)  Chemistry  and  Physics. — It  is  tlio  province  of  Chemistry 
to  observe  the  chemical  properties  of  substances,  and  to  study  the 
chemical  changes  to  wliich  they  are  liable.  Physics,  on  the 
other  hand,  deals  with  the  pliysical  properties  and  the  physical 
changes  of  matter.  The  study  of  Chemistry  involves  the  discus- 
sion of  at  least  three  questions  in  regard  to  each  substance.  The 
chemist  asks,  in  the  first  place,  What  are  the  specific  properties 

*  Millei-'s  Elements  of  ChomiBtry,  Part  I.,  page  3. 
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of  the  substance  ?  in  the  second  place,  What  are  the  chemical 
changes  to  which  it  is  liable,  or  which  it  is  capable  of  prodxicing 
in  other  substances?  and,  in  the  third  place,  What  are  the 
ca/uses  of  these  chatiges,  amd  according  to  what  laws  do  they 
take  place  ?  An  answer  to  tho  fii'st  of  these  questions  must  ob- 
viou^y  Ije  obtained  before  the  chemist  can  approach  the  other 
two,  and  indeed  the  whole  of  Chemistry  is  based  upon  the  accu- 
rate observation  of  the  specific  or  distinguishing  properties  of 
substances.  These  properties,  as  we  have  seen,  are  physical  as 
■weU  as  chemical,  and  when  the  substances  can  only  be  observed 
in  a  state  of  chemical  rest,  the  chemist  is  obliged  to  depend  on 
the  physical  characteristics  alone  in  distinguishing  between  them ; 
and  under  all  circumstances  he  relies  upon  these  characters  to  a 
greater  or  less  degree.  Hence  the  study  of  Chemistry  necessa- 
rily implies  some  acquaintance  with  Physics,  and  a  tliorough 
knowledge  of  Physics  will  always  be  found  useful  to  the  investi- 
gator of  chemical  phenomena.  There  are,  however,  some  portions 
of  tlie  subject  which  are  moro  closely  connected  with  Chemistry 
than  the  rest,  and  which,  therefore,  it  is  particiilarly  convenient 
to  study  m  connection  with  this  science.  This  portion  of  Phys- 
ics, which  is  frequently  called  Chemical  Physics,  is  the  subject  of 
Part  I.  of  this  work.  Chemical  Physics  is  entirely  an  arbitraiy 
division  of  the  science,  including  a  variety  of  subjects  which  are 
only  grouped  together  because  they  are  closely  connected  with 
Chemistry  in  its  present  condition.  It  treats  moro  especially  of 
tliose  physical  properties  of  matter  which  are  used  by  chemists 
in  defining  and  distinguishing  substances,  and  which,  therefore, 
it  is  exceedingly  important  for  the  student  of  Chemistry  thor- 
oughly to  understand.  It  treats  also  of  the  action  of  heat  on 
matter,  and  of  the  various  methods  by  which  tlie  weight  and 
volvimes  of  bodies,  whether  solids,  liquids,  or  gases,  are  accu- 
rately measured. 

(6.)  Force  and  iaw?.  — The  axiom,  that  every  change  must 
have  an  adequate  cause,  leads  us  to  refer  all  the  phenomena  of 
nature  to  what  we  term  forces ;  thus,  we  refer  the  faUing  of 
bodies  towards  the  earth  to  the  force  of  gravitation,  the  motion 
of  a  steam-engine  to  the  expansive  force  of  heat,  and  the  burn- 
ing of  a  candle  to  the  force  of  chemical  aifinity.  The  only  clear 
■conception  of  the  origin  or  nature  of  force  to  which  man  can 
attain,  ,is  derived  from  studymg  those  limited  phenomena  of 
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matter  ■which  can  be  traced  back  to  hiiman  agency.  'I'hese  phe- 
nomena, as  we  are  conscious,  result  from  tlio  mystf^rious  action 
of  mind  on  matter ;  and  we  are  thus  led  to  infer  tliat  the  grand 
phenomena  of  nature  result  in  like  manner  from  the  action  of 
tlie  Infinite  Mind  on  matter.  In  tliis  view,  force  is  only  another 
name  for  the  Tolition  either  of  man  or  of  God,  and  the  varied 
phenomena  of  nature  are  only  the  manife&tations  of  His  all- 
pervading  will. 

A  careful  study  of  material  phenomena  frequently  leads  us 
to  the  discovery  of  unexpected  analogies  between  those  which 
seemed  at  first  sight  entirely  disconnected.  No  two  phenomena 
are  apparently  less  related  than  the  motion  of  our  planet  through 
space  and  the  falling  of  a  stone  to  its  surface ;  and  yet  it  has 
been  discovered  that  all  the  phases  of  both  phenomena  can  be  per- 
fectly explained,  by  assuming  that  every  particle  of  matter  in  the 
universe  attracts  every  other  particle  with  a  force  varying  directly 
^  the  mass  and  inversely  as  the  square  of  the  distance.  So  also 
the  ripples  on  the  surface  of  a  still  lake  have  no  apparent  resem- 
blance to  tlie  rays  of  light  which  play  upon  fliem  ;  but  neverthe- 
less it  has  been  found  that  all  the  phenomena  of  light  can  be 
fully  explained,  by  the  assumption  that  they  are  caused  by  a  sim- 
ilar undulatory  motion  in  an  etliereal  medium.  Such  generaliza- 
tions as  these,  by  which  the  phenomena  of  nature  are  linked 
together  and  in  a  measure  explained,  are  called  laws.  A  law  is 
the  mode  of  action  of  some  assumed  force  ;  thus,  tlie  law  of  gravi- 
tation is  the  mode  of  action  of  the  force  of  gravitation,  and  the  law 
of  undulations  is  the  mode  of  action  of  the  force  whicli  produces 
light.  But  if  force  is,  as  above  considered,  a  direct  emanation  of 
Divine  Power,  then  law  must  be  regarded  as  the  uniform  and 
unchanging  mode  of  action  of  the  Divine  Mind.  It  must  be  no- 
ticed, however,  that  what  we  call  a  natural  law  is  merely  our 
human  exprpssion  of  the  Divine  mode  of  action  in  the  imiverse, 
and  that  this  is  accurate  in  proportion  to  the  extent  and  clear- 
ness of  oui  knowledge  of  the  phenomena  and  of  their  relatioi^. 
Tlio  great  differences  which  exist  in  this  respect  are  implied  in 
tlie  very  language  of  science.  The  words  hypothesis,  theory, 
and  lav}  stand  for  the  same  thing,  that  is,  our  conception  of  tlie 
mode  in  which  Gk)d  acts  in  nature,  and  we  use  the  one  or  the 
other  according  to  our  own  conviction  of  the  accuracy  of  our 
conception.     If  we  suppose  that  it  is  merely  possibly  correct,  or 
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only  in  part  tnie,  we  call  it  an  hypothesis  or  ii  theory ;  hnt 
if  wc  are  fully  convinced  of  its  truth,  wo  say  that  it  is  a  law  of 
nature. 

One  criterion  by  which  ire  judge  of  the  correctness  of  our 
ideas  of  tlie  Divine  mode  of  action  in  the  material  universe,  and 
by  which  we  determine  whether  a  proposed  explanation  of  mate- 
rial phenomena  should  be  regarded  as  an  hypothesis,  a  theory,  or 
a  law  of  nature,  is  the  completeness  with  which  it  explains  the 
class  of  phenomena  in  question.  A  law  of  nature  must  not  only 
cover  all  known  phenomena  of  the  class,  but  must  also  include  all 
those  which  may  hereafter  be  discovered,  and  even  predict  their 
existence  before  they  are  actually  obsei'ved.  This  has  been  the 
case  with  the  laws  of  nature  already  discovered,  and  with  none 
more  remarkably  than  with  the  law  of  gravitation,  which  may  be 
regarded  as  the  most  perfect  of  all.  This  law  was  first  advanced 
by  Newton  to  explain  the  phenomena  of  planetary  motion  then 
known,  by  connecting  tliem  with  those  of  falling  bodies  on  the 
surface  of  the  earth.  As  Astronomy  advanced,  this  law  was  not 
only  found  able  to  explain  all  the  complicated  perturbations  of 
lunar  and  planetary  motions  as  tliey  were  successively  discovered, 
but  it  even  went  before  the  observer,  and  enabled  the  astronomer 
to  calculate  witli  absolute  exactness  the  extent  and  the  periods  of 
these  irregularities  of  motion,  although  it  will  require  centuries 
on  centuries  to  verify  his  results.  The  same  is  also  true  of  the  not 
less  remarkable  law  of  undulations  advanced  by  Huyghens  to  ex- 
plain tlio  comparatively  few  facts  of  optics  known  in  his  time.  As 
these  facts  have  been  rapidly  multiplied  by  the  wonderful  discov- 
eries of  Mains  and  of  Young,  the  law  has  not  only  been  found 
fully  adequate  to  explain  all,  but  it  has  also  predicted  the  existence 
of  phenomena,  which,  like  that  of  conical  refraction,  would  hardly 
have  been  noticed  had  they  not  been  thiis  pointed  out.  To  hy- 
potheses and  theories  we  do  not  look  for  the  same  full  explana- 
tion of  all  the  facts  wliich  we  require  of  a  law.  They  are  re- 
garded as  merely  provisional  expedients  in  science  until  the  law 
shall  be  discovered,  as  guesses  at  truth  before  the  truth  is  known. 
Laws  have  been  said  to  be  tlie  thoughts  of  God  manifested  in 
nature  and  expressed  in  human  language.  Hypotheses,  then, 
are  our  first  imperfect  comprehensions  of  these  thoughts.  They 
are  also  the  shadowing  forth  of  laws,  and  the  progress  of  science 
has   always  been   from   the   dim   glimmerings  of  truth  in  the 
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hypothesis  and  tho  thcoi-y,  to  the  Ml  light  of  knowledge  in  the 
law. 

Another  criterion  of  the  Talidity  of  a  law,  no  less  important, 
than  the  one  we  have  considered,  is  to  be  found  in  the  analogies 
of  nature.  The  force  of  a/nalogy  is  the  great  directing  principle 
in  the  mind  of  tlio  successful  student.  It  is  this  which  leads 
him  to  pronounce  some  theories  unsound,  altliough  apparently 
sustained  by  facts,  and  to  accept  others,  which,  although  not  fully 
verified  by  experiment,  are  yet  in  harmony  with  the  general  plan 
and  order  of  creation,  and  with  those  convictions  of  the  truth 
which  are  based  on  an  enlarged  knowledge  and  an  extended  ob- 
servation of  natural  phenomena. 

Li  thus  defining  law  as  the  thoughts  of  Gk)d  manifested  in  na- 
ture, and  force  as  the  constant  action  of  his  infinite  will,  we  must 
be  careful  to  remember  that  this  is  a  conclusion  of  metaphysical 
rather  than  of  physical  science.  The  demonstrations  of  physical 
science  unquestionably  point  to  the  same  result ;  but  it  is  the 
goal  towards  which  they  tend,  ratlier  than  one  which  they  have 
attained.  In  the  present  condition  of  science,  we  arc  obliged  to 
use  language  which  implies  the  existence  of  separate  and  dis- 
tinct forces  ;  but  this  is  unimportant  so  long  as  we  keep  the  truth 
in  view,  and  do  not  allow  ourselves  to  be  led  into  materialism  by 
the  unavoidable  imperfections  of  si 
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CHAPTER    II. 

GENEBAL  PROPERTIES   OF  MATTER. 

(7.)  Esseniial  and  Accidental  Properties.  —  Of  the  general 
properties  of  matter,  I  shall  consider  in  this  chapter  the  follow- 
ing, -whicli  are  common  to  all  bodies,  solids,  fluids,  and  gases, 
and  -which  it  is  important  for  us  to  study  early  in  our  course :  — 
Essential  Properties.  Accidental  Properlks. 

1.  Extension,  implying,        4.  Weight. 

a.  Volume.  5.  Diyisibility. 

b.  Density.  6.  Porosity. 

2.  Impenetrability.  7.  Compressibility  and  EspansibiHty. 

3.  Mobility.  8.  Elasticity. 

The  first  three  of  these  properties  are  evidently  more  essential 
than  the  rest.  We  cannot  conceive  of  a  kind  of  matter  which 
would  be  destitute  of  them.  Attempt  to  conceive  of  a  variety 
of  matter  winch  would  not  occupy  space,  which  would  not  resist 
an  effort  to  condense  it  into  a  smaller  volume,  or  which  would  be 
incapable  of  motion,  and  it  will  be  seen  at  once  that  these  prop- 
erties form  an  essential  part  of  the  very  idea  of  matter.  The 
last  fire  ai-e  as  universal  properties  of  matter  as  the  first  three  ; 
but  they  do  not  seem  to  our  mmds  to  be  so  essential,  for  we  can 
conceive  of  matter  which  would  not  possess  them.  It  is  not 
difficult  to  coneeiye  of  matter  without  weight,  so  hard  as  to  be 
indivisible,  at  least  in  a  physical  sense,  without  pores,  incom- 
pressible, and  therefore  unelastic.  Indeed,  some  physicists  refer 
the  phenomena  of  light  and  heat  to  an  imponderable  variety  of 
matter,  and  the  Atomic  Theory  supposes  that  the  assumed  atoms 
are  indivisible,  incompressible,  and  witliout  pores. 

(8.)  Extension  and  Volume.  — When  we  say  that  matter  has 
extension,  we  merely  mean  that  it  occupies  space,  and  the  amount 
of  space  which  a  given  body  occupies  we  call  its  volume.  We 
may  study  extension  without  any  reference  to  the  matter  of 
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which  it  is  a  property,  and  Vfe  shall  thus  arrive  at  tlic  principles 
of  Geometry.  —  This  science  distinguishes  thi'ee  degrees  of  ex- 
tension :  the  solid,  or  extension  in  three  dimensions ;  the  surface, 
or  extension  in  two  dimensions ;  and  the  line,  or  extension  in 
one  dimension.  Only  the  first  of  these,  however,  can  he  said  to 
be  represented  in  matter,  for  a  surface  is  only  the  boundary  of  a 
solid,  and  a  line  tlie  boundary  of  a  surface. 

(9.)  The  Measure  of  Extension,  —  In  order  to  measure  the 
Volume  of  a  solid,  the  Area  of  a  surface,  or  the  Length  of  a  line, 
we  adopt  some  arbiti'ary  unit  of  extension  of  the  same  order,  and 
by  the  principles  of  Geometry  compare  all  other  extensions  with 
it.  Tlie  unit  of  length  is  t!ie  only  one  which  must  be  arbitrary, 
because  we  can  uso,  a  square  of  this  unit  in  measuring  surfaces, 
and  a  cube  of  this  unit  in  measuring  solids.  Vai'ious  units  botli 
of  length  and  of  volume  have  been  adopted  in  different  countries. 
Of  the  numerous  systems  of  measure  there  are  two  which  it  is 
important  for  us  to  study. 

ENGLISH   SYSTEM   OP   MEASURES. 

(10.)  Units  of  Length.  —  The  unit  of  length  wliich  has  been 
adopted  in  this  country  is  the  same  as  that  of  England.  It  is 
called  a  yard,  and  is  said  to  have  been  introduced  by  King  Henry 
the  IHrst,  "  who  ordered  that  the  ulna  or  ancient  ell,  which 
corresponds  to  the  modern  yard,  should  be  made  of  the  exact 
lengtli  of  his  own  arm,  and  that  the  other  measures  of  length 
shoidd  be  based  upon  it.  This  standard  has  been  maintained 
without  any  sensible  variation,  and  is  the  identical  yard  now  used 
in  the  United  States,  and  is  declared  by  an  act  of  Parhament, 
passed  in  June,  1824,  to  be  the  standard  of  linear  measure  in 
Great  Britain."  *     The  clause  in  the  act  is  as  follows  :  — 

»  From  and  after  the  first  day  of  May,  1825,  [subsequently 
extended  to  the  fii-st  of  January,  1826,]  the  straight  line,  or  the 
distance  between  tlio  centres  of  the  two  points  in  the  gold  studs 
in  the  straight  brass  rod  now  in  the  custody  of  the  clerli  of  the 
House  of  Commons,  whereon  tlie  words  and  figures  '  Standard 
Yard,  1760,'  are  engraved,  shall  bo  the  original  and  genuine 
standai-d  of  length  or  lineal  extension  called  a  yard ;  and  the 

*  Hunt's  Merchant's  Magaiine,  Vol,  IV.  p-  334. 
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same  sti'aiglit  line,  or  distance  between  the  centres  of  the  saiil  two 
points  in  the  said  gold  studs  in  the  said  brass  rod,  the  lirass  lieing 
at  tlie  temperature  of  sixty-two  degrees  by  Fahrenheit's  ther- 
mometer, shall  be  and  is  hereby  denominated  tlie  '  Imperial 
Yard,'  and  shall  be  and  is  hereby  declared  to  be  the  unit  and 
only  standard  measure  of  extension,  wberefrom  or  whereby  all 
other  measures  of  extension  whatsoever,  whether  tlie  same  be 
lineal,  superficial,  or  solid,  shall  he  derived,  computed,  and  ascer- 
tained ;  and  that  all  measures  of  length  shall  be  taken  in  parts 
or  multiples  or  certain  proportions  of  the  said  standard  yai'd ; 
and  that  one  third  pai't  of  the, said  standard  shall  be  a  foot,  and 
,  the  twelfth  part  of  such  foot  shall  be  an  inch ;  and  that  the  polo 
or  perch  in  length  shall  contain  five  and  a  half  such  yards,  the 
furlong  two  hundred  and  twenty  such  yards,  and  tlie  mile  one 
thousand  seven  hundred  and  sixty  such  yards." 

And  the  act  further  declares,  that  "  if  at  any  time  hereafter 
the  said  imperial  standard  yard  shall  be  lost,  or  shall  be  in  any 
manner  destroyed,  defaced,  or  otherwise  injured,  it  shall  be  re- 
stored by  making,  under  the  direction  of  the  Lords  of  the  Treas- 
ury, a  new  standard  yard,  bearing  the  proportion  to  a  pendulum 
vibrating  seconds  of  mean  time  in  tlie  latitude  of  London  in  a 
vacuum  and  at  the  level  of  the  sea,  as  36  inches  to  39.1393 
hiehes." 

The  event  contemplated  by  the  last  clause  of  the  act  actu- 
ally happened  in  less  than  ten  years  after  its  passage,  for  the 
standard  was  destroyed  by  the  fire  which  consumed  the  Par- 
liament House  in  1834.  It  was  then  found  that  this  clause 
was  entirely  nugatory,  and  that  the  country  was  left  without  a 
legal  standard ;  for  the  restoration  of  the  lost  yard  could  not  be 
effected  with  any  tolerable  certainty  in  the  manner  prescribed  by 
the  act.  The  measurement  of  the  seconds  pendulum,  which  was 
made  the  basis  of  the  peremptory  enactment,  was  executed  with 
cxtraordhiary  precaution  and  skill  by  Captain  Kater ;  but  this 
.  measurement  was  subsequently  found  to  bo  incorrect,  owing  to 
the  neglect  of  cerbun  precautions  hi  the  determination  of  the 
length  of  the  pendulum,  which  more  recent  experiments  have 
shown  to  be  indispensable.  On  account  of  these  sources  of  error, 
the  yai'd  could  not  be  restored  with  certainty  in  the  prescribed 
manner  within  one  five-hundredth  of  an  inch,  an  amount  which, 
although  inappreciable  in  all  ordinary  measurements,  is  a  large 
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error  in  a  scientific  standard.  Tlie  commissioners  appointed,  in 
1838,  "to  consider  tlie  steps  to  be  taljen  to  restore  the  lost 
standard,"  recommended  the  construction  of  a  standard  yard,  and 
four  "  Parliamentary  copies,"  from  the  best  authenticated  copies 
of  the  imperial  standard  yard  which  tlien  existed.  They  also 
prescribed  the  manner  in  which  the  standard  and  the  four  Par- 
liamentartj  copies  should  be  preserved,  and  recommended  further 
that  authenticated  copies,  prepared  with  all  the  refinements  of 
modern  art,  should  be  distributed  throughout  the  realm,  and 
placed  in  tlie  custody  of  certain  government  officers.  The  recom- 
mendations of  this  commission  have  in  general  been  followed,* 
and  by  an  act  of  Parliament,  whieli  received  the  royal  assent 
July  30, 1855,  the  restored  standard  yard  was  legalized. 

The  actual  standard  of  length  of  the  United  States  is  a  brass 
scale  eighty-two  inches  in  length,  prepared  for  the  survey  of 
the  coast  of  the  United  States,  by  Troughton  of  London,  in  1813, 
and  deposited  in  the  Offioo  of  Weiglits  and  Measures  at  Wash- 
ington. The  temperature  at  which  this  scale  is  a  standard  is 
62"  Fahrenheit,  and  the  yard  measure  is  between  tlie  27th  and 
63d  inches  of  the  scalct  From  recent  comparisons  of  tltis  scale 
with  a  bronae  copy  of  the  new  British  standard,  presented  to  the 
United  States  by  the  British  government,  it  appears  that  the  Bri1> 
ish  standard  is  shorter  than  the  American  yard  by  0.00087  of  an 
inch, a  quantity  by  no  means  inappreciable.  Carefully  adjust- 
ed copies  of  the  United  States  standai-d  yard  have  been  prepared, 
by  the  order  of  Congress,  under  the  direction  of  Professor  A.  D. 
Baehe,  Superintendent  of  Weights  and  Measures,  and  distributed 
to  the  different  States  of  the  Union ;  but  up  to  1859  the  standard 
had  not  been  defined  by  any  act  of  Congress.  The  subdivisions 
and  multiples  of  the  yard  are  given  in  Table  I.  at  the  end  of 
this  volume,  with  then-  respective  numerical  relations. 

(11.)  UnUs  of  Surface  and  of  Volume.  — All  the  English 
units  of  surface  are  squares  whose  sides  are  equal  to  the  units  of 
length,  with  the  exception  of  a  few,  which,  Uke  the  perch  or  the 
acre,  are  used  in  the  measurement  of  land,  and  in  other  coarse 
measurements.     The  square  inch  is  the  most  convenient  unit  of 


*  Account  of  [he  Constraction  of  the  Ne^v  national  Standanl  of  Length  and  of  its 
principal  Copies.  By  G.  B.  Aiiy,  Est]:,  Astionoroer  Royal.  Philosophical  Tiansao- 
tlona  of  the  Eoyal  Socioly  of  I-ondon,  Vol-  CSLVIL  p.  6S1. 

t  Report  of  the  SccLotary  of  the  Trcasnry  on  Weights  and  Measures,  34th  Congtess, 
ad  Session.    Ex.  Hoc,  No.  27, 1857. 
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surface  for  scientific  purposes.     Tiie  circular  inch  is  also  some- 
times used  by  engineers. 

When  volume  can  be  calculated  from  linear  measuremonts  by 
the  principles  of  Geometryj  it  is  usual  to  estimate  it  in  cubic 
yards,  cubic  feet,  or  ctibic  inches,  and  it  is  in  tins  way  that  eartli- 
work  and  masonry  aro  measured.  In  measuring  the  volume 
of  gases,  liquids,  and  of  many  varieties  of  solids,  however,  an 
arbitrary  unit  is  more  frequently  employed.  Several  such  units, 
entirely  independent  of  each  other,  -vrere  formerly  used  in  dif- 
ferent ti-ades ;  but  the  Imperial  Gallon,  estabUsbed  by  an  act 
of  Parliament,  has  been  substituted  for  all  other  arbitrary  meas- 
ures of  volume.  It  is  equal  to  277.274  cubic  inches,  and  con- 
tarns  ten  avoirdupois  pounds  of  water  at  62°  of  the  Fahrenheit 
thermometer.  A  table  showing  the  relations  of  the  units  both 
of  surface  and  of  volume,  will  be  found  in  connection  with  the 
table  of  linear  measure. 


FEENCH   SYSTEM    OP  MEASURES. 

(12.)  History. — The  decimal  metrical  system  of  France  origi- 
nated with  her  Revolution.  "  It  is  one  of  those  attempts  to 
improve  the  condition  of  human  kind,  which,  should  it  ever  be 
destined  ultimately  to  fail,  would  in  its  failure  deserve  little  less 
admiration  than  in  its  success."  *  Previous  to  the  Revolution, 
the  metrical  system  of  France  was  even  more  complex  than  that 
of  England,  almost  every  province  having  distmct  standards  of 
weight  and  measure  of  its  own,  —  a  condition  of  things  which 
was  productive  of  tlie  most  serious  inconveniences  in  trade  and 
commerce.  The  first  effective  movement  to  reform  this  extreme 
diversity  was  made  by  Talleyrand  in  the  Constituent  Assembly 
of  1790,  and  the  new  system  was  developed  by  a  commission 
of  members  of  the  Academy  of  Sciences,  consisting  of  Borda, 
Lagrange,  Laplace,  Monge,  and  Condorcet.  In  their  report, 
which  appeared  in  the  following  year,  they  proposed  that  the 
ten-millionth,  part  of  the  quadrant  of  a  meridian  of  the  globe 
should  be  adopted  as  the  basis  of  a  new  metrical  system,  and 
called  a  Metre;  that  the  subdivisions  and  multiples  of  all 
measures   should   be   made   on  the  decimal   system  ;    that,   in 


*  Report  upon  Weights  tind  Measures,  tj  John  Qnincy  Adams,  which  may  bi 
sulMd  for  a  full  history  of  lliis  suhject. 
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order  to  determine  the  metre,  an  arc  of  the  meridian,  extend- 
ing from  Dunkirk  to  Barcelona,  six  and  a  half  degrees  to  the 
north  and  tliree  degrees  to  the  south  of  the  mean  parallel  of  45°, 
should  be  measured,  and  that  the  weight  of  a  cuhic  decimetre  of 
distilled  water  at  the  temperature  of  melting  ice  should  be  detei>- 
mined  aiid  adopted  as  the  unit  of  weight.  They  also  proposed 
a  new  suhdivision  of  the  quadrant  into  one  hundi-ed  degrees, 
the  degree  into  one  hundred  minutes,  and  the  minute  into  one 
hundred  seconds.  This  report  was  accepted,  and  the  execution 
of  tlie  great  work  was  intrusted  to  four  separate  commissions, 
including  the  names  of  the  most  celebrated  men  of  science  of 
France.  The  measurement  of  the  arc  was  assigned  to  De- 
lamhre  and  Mi^chain,  and  the  determination  of  the  weight  of 
water  to  Leffivre-Gineau  and  Fahbroni. 

Delambre  met  with  great  difUculties  in  the  measurement  of  the 
French  portion  of  tlie  arc.  The  work  was  commenced  at  the 
most  violent  period  of  the  Revolution,  and  was  repeatedly  ar- 
rested by  the  suspicions  of  the  people  and  tho  fickleness  of  tlie 
government.  But,  after  repeated  interruptions,  the  work  was 
completed  in  1796,  when  the  whole  of  the  records  of  the  survey 
were  submitted  to  a  special  commission,  consisting  of  Delamhre, 
M^chain,  Laplace,  and  Legendre,  of  France,  Von  Swinden,  of 
Holland,  and  TraUds,  of  Switzerland,  who  found  the  length  of 
the  metre  to  he  443.259936  lignes.* 

The  determining  of  the  unit  of  weight  led  to  a  most  impor- 
tant discovery.  The  commission  discovered  tliat  water  was  most 
dense,  not,  as  had  been  previously  supposed,  at  the  temperature 
of  melting  ice,  but  at  a  temperature  nearly  five  degrees  of  the 
centigrade  scale  higher.  They  therefore  determined  the  weight 
of  a  cubic  decimetre  of  distilled  water  at  its  greatest  density,  and 
not,  as  had  been  first  proposed,  at  0°  ;  and  to  this  weight  was 
given  the  name  of  Kilogramme.  On  the  19th  of  August,  1798, 
the  original  metre  and  kilogramme  were  presented,  with  an  ad- 
dress, to  the  two  councils  of  the  legislative  body. 

In  order  to  avoid  sources  of  error  which  might  arise  from  the 
eUipticity  of  the  earth,  the  measurement  of  the  arc  from  Dunkirk 
to  Montjouy  (Monjuich),  near  Barcelona,  was  subsequently  ex- 
tended by  Eiot  and  Arago,  in  accordance  with  the  original  design 

*  The  French  standard  then  in  use. 
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of  M^chain,  to  Formentera,  one  of  the  Balearic  Isles,  so  as  to  com- 
prehend an  arc  of  more  than  twelve  degrees  between  the  extreme 
stations,  which  -would  he  almost  exactly  bisected  hj  tlie  parallel  of 
45° ;  it  being  well  known  that  from  the  leagtli  of  any  given  are 
which  is  bisected  by  the  parallel  of  45°  may  be  deduced  a  length 
of  a  quadi-ant  of  a  meridian,  and  therefore  of  the  metre,  which 
would  be  independent  of  the  eai-t!i's  ellipticity.  The  obserrationa 
of  Biot  and  Arago  were  calculated  by  the  same  methods  prescribed 
by  Delambre  in  the  previous  survey,  and  the  result  appeared  to 
verify  the  accuracy  both  of  the  method  and  of  the  original  work, 
smce  the  length  of  the  metre,  which  was  the  result  of  the  entire 
arc  between  Dunkirk  and  Formentera,  was  found  to  be  almost 
identical  with  that  which  had  been  previously  determined.  The 
perfect  acciu-acy  of  tlie  base  of  the  French  metrical  system 
seemed  thus  to  be  established  ;  but,  unfortunately,  later  exam- 
inations have  not  verified  tliis  conclusion. 

In  the  year  1838,  Puissant,  who  was  then  engaged  in  con- 
structing the  Carte  GSograpUgue  de  la  France,  announced  that 
there  existed  an.  miportant  error  in  the  calculated  length  of  the 
arc  of  the  meridian  on  which  the  length  of  the  metre  was  based, 
and  that  the  calculated  metre  differed  from  the  one  ten-millionth 
part  of  the  quadrant  —  the  metre  by  definition  — by  ^^Vir  of  the 
whole ;  and  that  tlie  provisional  metre  hastily  adopted  on  the  1st 
of  August,  1793,  during  the  heat  of  tlie  Revolution,  and  based 
on  an  old  measurement  of  an  arc  of  tiio  meridian  by  Lacaille, 
was  in  reality  more  accurate  than  that  which  was  established  by 
the  labors  of  the  great  commission.  Puissant's  results  were  sub- 
sequently verified  by  a  careful  re-cxamination  of  tlio  calculations 
of  tlie  commission,  when  it  appeared  that  the  error  he  had  de- 
tected, great  as  it  was,  resulted  from  two  greater  en-ors,  which 
had  in  part  balanced  each  other  in  the  final  result.  It  was  not, 
however,  tliought  best  to  correct  the  length  of  the  actual  metre, 
and  it  still  remains  the  same  as  tliat  adopted  by  the  commission. 
Thus,  then,  it  appears  that  the  metre  of  Prance  is  no  less  an  ar- 
bitrary  standard  of  measure  than  the  English  yard,  and  that,  like 
the  last,  if  destroyed,  it  cannot  be  restored  in  conformity  to  its 
definition.  Like  all  other  results  of  human  labor,  it  bears  the 
mark  of  imperfection  and  fallibility;  and  the  singular  history* 

*  See  Hie  Edinburgb  KevieH-,  Tol.  LXSVn.  page  228,  for  a  full  acconnt  of  Uiis 
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of  the  work  teaches  most  impressively  the  hmitation  and  tiiicer- 
tainty  of  the  best  human  powers  of  observation  and  reasoning. 

(13.)  Subdivisions  and  Multiples  of  the  Metre.  —  The  subdi- 
visions and  multiples  of  the  metre  are  all  decimal.  The  names 
of  the  multiples  are  derived  from  tlie  Greek  numerals,  and 
those  of  the  subdivisions  from  tlie  Latin.  They  are  as  fol- 
lows ;  — 

Measures  of  Length. 
Kilometre    =  1000  metres.      Metre  (m.)  =  1.000  metre. 

Hectometre  =    100      "  Decimetre  (d.  m.)  =  0.100      " 

Decametre  =      10      "  Ccntimetre(c.in.)=  0.010      " 

Metre  =        1      "  Millimetre  (m.m.)=  0.001      " 

In  this  work,  the  abbreviations  in  the  tabic  wiO  be  used  to  desig- 
nate tliese  units  of  lengtli. 

(14.)  Units  of  Surface  and  of  Volume. — Tlie  French  units  of 
surface  are  squares  whose  sides  are  equal  to  the  units  of  length. 
They  are  named  squares  of  these  units,  and  will  be  designated  by 
the  abbreviations  as  above  with  an  exponent  2 ;  thus,  5  m."  stands 
for  five  square  metres,  and  3 cm."  for  three  square  centunetres. 
The  common  French  measure  of  land  is  the  square  decametre, 
wliich  is  called  an  are,  and  the  names  of  its  decimal  multiples 
and  subdivisions  are  foiTaed  like  those  of  the  metro. 

The  units  of  volume  are  in  like  manner  cubes  of  the  units 
of  length,  and  are  named  cubic  metres,  cubic  centimetres,  etc. 
They  wiU  be  designated  as  before,  using  the  exponent  3 ;  thus, 
5  cTm".'  stands  for  live  cubic  centimetres.  The  cubic  decimetre  is 
the  common  measure  of  liquids,  and  is  called  a  litre  =  0.001  m.'. 
So  also  the  cubic  metre,  which  is  the  measure  for  bulky  materials, 
such  as  fire-wood,  has  received  the  separate  name  slere.  Both  the 
litre  and  the  st^re  have  decimal  multiples  and  subdivisions  named 
like  those  of  the  metre.  The  very  simple  decimal  relations  of 
the  French  system  render  it  exceedingly  valuable  in  all  scientific 
calculations,  and  it  will  therefore  be  exclusively  used  in  tliis 
book.  The  relation  between  tlie  French  and  English  units  is 
given  in  Table  I.,  and  with  the  aid  of  the  annexed  logarithms  the 
reduction  from  one  to  tlie  other  can  easily  ho  made.  A  similar 
table  has  also  been  added,  which  gives  the  means  of  reducing 
the  mcti-e  to  several  of  the  most  important  standards  in  uso  on 
the  continent  of  Europe. 
2* 
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The  methods  of  determining  approximately  length,  surface,  and 
solidity,  by  means  of  the  units  of  measure  just  described,  ara 
known  to  all  who  have  studied  Geometry,  and  need  not  there- 
fore be  described.  "When  great  accuracy,  however,  is  required, 
as  in  most  scientific  investigations,  these  methods  become  less 
simple,  and  cannot  be  fully  understood  until  the  student  is  famil- 
iar with  the  action  of  heat  on  matter.  This  will  be  described  in 
the  chapter  on  Weighing  and  Measuring, 

(15.)  Density  and  Mass.  —  The  idea  of  volume  involves  that 
of  density,  since  a  given  volume  may  be  filled  with  a  greater  or 
a  less  amount  of  matter.  The  amount  of  matter  contained  in  a 
cubic  centimetre  of  hydrogen  gas,  for  example,  is  many  thousand 
times  less  than  that  whieli  fills  a  cubic  centimetre  of  gold.  As 
used  in  Physics,  the  word  density  means  the  amount  of  matter 
contained  in  the  unit  of  voliime.  This  quantity  will  always  be 
represented  by  D. 

The  amount  of  matter  which  a  body  contains  is  tei-med  its  mass, 
and  is  represented  by  M.  For  example,  the  amount  of  matter 
which  the  sun,  the  earth,  a  locomotive,  a  cannon-ball,  or  a  grain 
of  sand  contains,  is  caUed  tlie  mass  of  that  body.  "When  the 
body  is  homogeneous,  there  is  a  very  simple  relation  between  its 
mass  and  its  density.  Its  density,  as  wo  have  seen,  is  the  amount 
of  matter  which  one  cubic  centimetre  of  the  body  contains.  Its 
mass  is  the  amount  of  matter  which  the  whole  body  contains. 
If,  then,  we  represent  by  Ftlio  volume  of  the  body,  that  is,  the 
number  of  cubic  centimetres  which  it  occupies,  it  follows  that 
M=DV.  [1.] 

This,  translated  into  ordinary  language,  means  that  the  aanount 
of  matter  which  a  body  contains  is  equal  to  the  amount  of  matter 
which  one  cubic  centimetre  of  the  body  contains,  multiplied  by 
the  number  of  cubic  centimetres  which  the  body  occupies.  The 
mass  of  a  body  is  determined  from  its  weight ;  for  it  will  be 
hereafter  proved  that  tlie  weight  of  a  body  is  proportional  to  tlie 
amount  of  matter  it  contains.  It  must,  however,  be  carefully 
kept  in  mind,  that  weight,  although  proportional  to  mass,  is  not 
the  mass,  just  as  tho  arc  of  a  circle  is  an  entirely  different  quan- 
tity from  the  angle  which  it  measures. 

From  equation  [1]  we  obtain  D  =  y  ;  that  is,  the  density 
is  the  mass  of  tlie  unit  of  volume,  or,  as  above,  the  amount  of 
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matter  in  the  unit  of  volume.  In  order  to  estimate  mass  and 
density,  we  assiime  a  certain  amount  of  matter  as  a  unit  of  mass 
and  compare  all  other  amounts  with  it.  When  wo  say  that  tho 
mass  of  a  given  volume  of  iron  is  10,  we  mean  that  the  amount 
of  matter  it  contains  is  ten  times  as  great  as  the  amount  of  matter 
contained  in  this  assumed  unit  of  mass.  In  lilce  mamier,  when 
we  say  that  the  density  of  mercury  is  equal  to  1.386,  we  mean 
that  one  cuhic  centimetre  of  mercury  contains  1.386  times  as  much 
matter  as  the  unit  of  mass.  In  every  case,  the  numbers  express- 
ing mass  and  density  stand  for  units  of  mass.  The  unit  of  mass 
is  derived  from  the  unit  of  weight,  as  will  be  explained  m  the 
section  on  Gravitation. 

The  terms  Mass  and  Density  will  be  constantly  used  through- 
out tliis  work,  and  their  meanmg  should,  therefore,  be  clearly 
impressed  upon  the  mind. 

(16.)  Impenetrability. — Matter  not  only  occupies  space,  but  it 
also  resists,  with  differing  degrees  of  force,  any  attempt  to  reduce 
it  into  a  smaller  volume.  Thus,  one  litre  of  air  can  be  made  to 
occupy  a  volume,  so  far  as  we  can  see,  indefinitely  smaller,  but 
only  by  great  mechanical  force.  This  resistance  which  all  bodies 
offer  to  any  attempt  to  condense  them,  is  termed  Impenetrability. 


1.  "What  is  the  length  of  one  degree  on  tlie  meridian  at  the  latitude  of 
45°  in  French  linear  measure  ? 

2.  The  latitude  of  Dunkirk  was  found  hy  Delambre  to  be  51°  2'  9" ; 
that  of  Fomentera,  as  determined  by  Biot,  is  38°  39'  56".  "What  is  the 
distance  between  these  parallels  in  metres  ? 

3.  The  distance  between  the  parallels  of  Dunkirk  and  Formentera,  as 
determined  by  trianguladon,  ia  730,430  toises  of  864  Hgnes  each.  "What 
is  the  length  of  a  metre  in  fractions  of  a  toise,  aad  in  lignes  ? 

4.  The  equatorial  and  polar  diameters  of  the  globe  are  to  each  other  in 
the  proportion  of  299.15  to  298.15.    "What  is  the  length  of  each  in  metres  ? 

6.  Had  the  decimal  division  of  the  circle  mentioned  on  page  15  been 
adopted,  what  would  have  been  the  length  of  one  degree,  one  minute,  and 
one  second  in  metres  ? 

6.  To  how  many  cubic  centimetres  do  five  litres  correspond  ?  To  how 
many  do  3.456  litres,  0.0034  litre,  and  5.674  litres  correspond? 

7.  To  how  many  cuhic  metres  do  56482  litres,  3240.85  litres,  0.675 
litre,  and  0.032  litre  correspond? 

8.  A  box,  measuring  ten  centimetres  in  each  direction,  will  hold  how 
many  litres,  and  what  portion  of  a  cubic  metre  ? 


d  by  Google 


:fJ  CHBJIICAL   PHYSICS. 

9.  Reduce,  by  means  of  the  bible  at  the  end  of  the  book,  — 

a.  30  inches  to  fractions  of  a  metre. 
S,  76  centimetres  to  English  indies. 

c.  36  feet  to  metres. 

d.  10  metres  to  feet  and  inches. 

10.  Reduce,  by  means  of  the  table  at  the  end  of  the  book,  - 

a.  8  lbs,  G  oz,  to  grammes. 

b.  7640  grammes  to  English  apothecaries'  weight, 

c.  45  grains  to  grammes. 

11.  Reduce,  by  means  of  the  table  at  the  end  of  iiie  book,- 

a.  4  pints  to  litres  and  cubic  centimetres. 

b.  5  gallons  to  litres  and  cubic  centimetres. 

c.  5  litres  to  English  measure. 

d.  4  cubic  centimetres  to  English  measure. 


(17.)  Position.  — "We  conceive  of  a  body,  not  only  as  occupying 
a  certain  portion  of  space,  but  also  as  existing  in  space,  and  there- 
fore as  being  in  a  determinate  Position  is'ith  reference  to  otlier 
bodies.  A  book,  for  example,  not  only  fills  a  certain  amount 
of  space,  but  also  holds  a  certain  position  with  reference  to  the 
surface  of  the  table  on  which  it  lies,  or  with  reference  to  the 
walls  of  the  room  in  which  the  table  stands.  If  wo  select  a 
point  of  tliat  book,  its  position  on  the  table  can  easily  be  de- 
fined by  measuring  its  distance  from  each  of  two  adjacent 
edges  of  the  table  along  a  line  parallel  to  the  other  of  the 
two  edges,  and  its  position  in  the  room  can,  in  like  manner, 
be  defined  by  measuring  its  distance  from  two  adjacent  waUs 
and  the  ceiling  along  lines  parallel  to  the  three  edges  formed 
by  the  meeting  of  these  three  surfaces.  This  is  the  method 
most  commonly  used  in  Geometry  of  defining  the  position 
of  a  point.  The  distances 
which  determine  the  position 
of  a  point  are  called  co-ordi- 
nates, and  the  edges  and  sur- 
faces to  which  the  position  is 
referred  are  called  co-ordinate 
axes  and  co-ordinate  planes. 
In  Pig.  1,  the  position  of  the 
point  p  is  determined  by  the 
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distances  pb  =  b  and  pa  ^a  from  the  two  co-ordinate  asos  o  x 
and  o  y ;  and  in  Fig.  2,  the  position  of  the  same  point  is  determined 
by  the  distances  ;)c  =  c,pft  =  6,andp«  =  ff  from  the  planes  x  y, 
X  3,  and  y  z.  Li  Part  II.  of 
this  -work,  the  use  of  co-ordi- 
nates ■will  be  fully  illustrated 
in  their  application  to  the 
study  of  crystallography. 

The  position  of  points  on 
the  surface  of  the  globe  is 
referred  to  the  equator  and 
the  meridian  of  Greenwich. 

In  this  case,  however,  the     

position  is  not  defined  by 
the  distance  from  these  planes,  as  in  the  example  just  taken,  but 
by  the  latitude  and  longitude ;  the  first  being  the  angular  dis- 
tance of  the  place  from  the  equator  measured  on  its  own  merid- 
ian, and  the  second  the  angle  made  by  its  meridian  with  that  of 
Greenwich.  In  like  maimer,  the  position  of  a  body  in  the  solar 
system  is  defined  by  stating  its  distance  from  the  sun  and  its  angii- 
lar  position  with  reference  to  the  ecliptic  and  the  vernal  equinox, 
to  which  its  heliocentric  latitude  and  longitude  are  referred. 

(18.)  Mobility.  —  The  idea  of  position  necessarily  involves 
that  of  ckcmg'e  of  position,  which  we  call  motion.  We  cannot, 
for  example,  conceive  of  the  book  as  having  a  definite  position  on 
the  table,  without  also  connecting  with  it  the  idea  that  its  posi- 
tion could  be  changed,  or,  in  other  words,  tliat  it  could  move. 
A  body  is  said  to  bo  moving  when  it  is  constantly  changing  its 
position  with  reference  to  the  co-ordinate  lines  to  which  its  posi- 
tion is  refeiTed ;  and  when  no  such  change  is  taking  place,  it  is 
said  to  be  at  rest.  Rest  and  motion  are- relative  terms;  for  abso- 
lute rest  is  not  known  in  nature.  Every  body  on  the  surface  of 
tlie  globe  partakes,  not  only  in  a  motion  of  revolution  round  the 
axis  of  the  earth,  but  is  also  moving  round  the  sun,  and  per- 
haps accompanying  the  sun  in  its  revolution  round  a  more  dis- 
tant centre.  All  known  matter  is  in  motion,  and  when,  in  any 
case,  we  say  that  it  is  at  rest,  we  merely  mean  to  assert  that  it  is 
at  rest  with  reference  to  certain  lines  or  planes,  which  were  arbitra^- 
rily  assumed  for  co-ordinates.  A  body  on  the  deck  of  a  steamboat 
may  be  at  rest  with  reference  to  the  boat,  but  in  rapid  motion  with 
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reference  to  tlio  earth.  In  like  manner,  a  body  on  the  surface  of 
tlie  globe,  which  is  said  to  be  at  rest  because  it  is  not  changing 
its  position  with  reference  to  the  equator  and  first  meridian,  is  yet 
in  very  rapid  motion  with  i-eference  to  the  ecliptic  and  the  Temal 
equinox.  So,  on  the  other  hand,  a  body  may  appear  to  be  in 
rapid  motion,  and  yet  at  rest  with  reference  to  tlie  earth  or  the 
sun.  For  example,  a  ship,  ■which  is  sailing  through  the  ocean  at 
the  rate  of  ten  kilometres  an  hour,  -while  the  ocean  current  is 
flowhig  at  tlio  same  rate  in  the  opposite  direction,  is  at  rest  with 
reference  to  the  eai-th,  although  it  would  appear  to  be  in  motion  to 
lard  the  ship.  Again,  any  point  on  the  surface  of  the 
3  at  the  latitude  of  50'  is  moving  from  west  to  east,  in  con- 
e  of  the  rotation  of  the  globe  on  its  axis,  about  289  metres 
each  second,  but  is,  relatively  to  the  surface  of  the  globe,  at  rest. 
If  a  cannon-ball  is,  at  the  same  latitude,  moving  289  metres  each 
second  from  east  to  west,  it  will  appear  to  bo  in  rapid  motion 
to  an  observer  at  this  point,  wiiile  it  is  at  rest  with  reference 
to  the  sun. 

Experience  teaches  us  that  a  body  may  move  on  the  surfaee 
of  the  globe  with  equal  readiness  in  any  direction,  and  tiierefore 
that  this  motion  is  not  influenced  by  the  motion  of  the  earth  itself. 
The  same  amount  of  giuipowder  which  would  drive  the  cannon- 
ball  289  metres  each  second  from  west  to  east,  would  drive  it  with 
the  same  velocity  from  east  to  west,  or  in  any  other  direction. 
It  is  evident,  from  these  and  similar  considerations,  that  a  body 
may  partake  of  several  motions  at  once,  and  yet  that  each  may 
be  entirely  independent  of  the  rest, 

(19.)  Time  and  Velocity.  —  All  the  phenomena  of  nature 
may  be  referred  to  motion ;  and  the  succession  of  natural  phe- 
nomena gives  us  the  idea  of  duration,  or  time.  In  order  to 
measure  the  duration  of  phenomena,  we  select  the  duration  of 
some  one  as  our  unit,  and  compare  the  duration  of  others  with  it. 
It  is  essential  that  our  imit  should  be  invariable,  and  such  inva- 
riable units  of  time  we  find  in  the  motions  of  the  heavenly  bodies 
and  in  that  of  the  pendulum.  The  duration  of  a  single  oscilla- 
tion of  a  pendulum  0,99B94  m.  long,  at  the  latitiide  of  Paris,  is  a 
second,  the  smallest  unit  in  use,  and  the  one  which  we  shall 
have  most  occasion  to  use  in  this  book.  Tiierefore,  when  the 
unit  of  time  is  spoken  of,  it  is  always  to  be  understood  to  mean 
one  second.    The  duration  of  the  revolution  of  the  earth  on  its 
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axis  is  the  nest  larger  unit,  -vrhicli  ire  call  a  day,  and  that  of  the 
revolution  of  the  earth  round  the  sun,  the  largest  unit  in  com- 
mon use,  is  called  a  yewr. 

The  distance  passed  over  by  a  moving  body  in  the  unit  of  time 
is  called  its  Velocity,  which  we  -will  represent  hy  b.  When 
then,  a  body  is  said  to  have  a  velocity  of  ten  metres,  we  merely 
mean  that,  if  it  continue  to  move  at  the  same  rate,  it  will  pass 
over  ten  metres  in  each  second  of  time. 

(20.)  Uniform  and  Var^inff  Motions.  — The  motion  o£  a.  hody 
is  said  to  be  uniform  when  its  velocity  does  not  change.  In  such 
motion  fhe  body  mil  pass  over  the  same  distance  in  each  second, 
or,  in  other  words,  the  distance  passed  over  m  uniform  motion  is 
proportional  to  the  time.  Denoting,  then,  hy  d  the  distance 
passed  over,  and  by  T  t5io  Jiumber  of  seconds,  we  have 

d  =  bT,    or    b^~,    and    2*=^.  £2.] 

We  havo  an  example  of  uniform  motion  in  a  railroad  train 
moving  with  a  constant  speed. 

In  varying-  motions,  the  distances  passed  over  in  successive 
seconds  are  unequal.  The  body  has  no  longer  a  constant  ve- 
locity, and  its  velocity  at  any  moment  is  the  distance  it  would 
pass  over  in  each  second,  if,  with  the  velocity  then  acquired,  its 
motion  suddenly  became  uniform.  The  motion  of  a  body  may 
vary  according  to  different  laws.  There  are  two  tinds  of  varying 
motion  wliich  it  is  important  to  study.  They  are  called  uniform- 
ly accelerated  motion  and  imiformly  retarded  motion. 

(21.)  Uniformly  Accelerated  Motion.~T:\\Q  motion  oi&hofiiy 
is  said  to  be  uniform^  accelerated,  when  its  velocity  increases 
by  an  equal  amount  each  second.  This  amount  is  called  the  ac- 
celeration, and  will  be  represented  by  ».  The  most  familiar  ex- 
ample of  such  a  motion  is  that  of  the  fall  of  a  stone  to  the  eartli. 
Starting  from  the  state  of  repose,  its  velocity  at  the  end  of  the  first 
second  is  9.8088  m.,  which  we  may  call  in  round  numbers  10  m. ; 
at  the  end  of  the  second  second,  its  velocity  is  20  m. ;  at  the  end 
of  the  third,  30  m.;  at  the  end  of  T  seconds,  its  velocity  is 
10  X  r  metres.  To  make  the  case  general,  if,  starting  from  a 
state  of  rest,  the  body  acquires  a  velocity  each  second  represented 
by  t),  then  its  velocity,  jj,  after  T  seconds  will  be. 


b=  Tv 


[3.] 
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In  order  to  find  the  distance  passed  over  at  the  end  of  T 
seconds,  wc  make  use  of  the  principle  proved  by  Galileo,  that 
this  distance  is  the  same  a^  if  the  body  had  moved  at  a  uniform 
rate  -n^ith  a  mean  velocity.  In  the  case  of  a  falling  stone,  the 
velocities  at  the  end  of  successive  seconds  are,  — 

(,/,  1"         2"         3"         i"         5"         G"         7"  n" 

Om.      10m.    20m.    SOm.    40m.    50m.    60m.    70m {10.0m. 

At  the  end  of  five  seconds,  the  velocity  is  60  m. ;  at  the  eom- 
mencemeut,  the  velocity  is  0  m.  According  to  the  principle  just 
stated,  the  distance  passed  over  is  the  same  as  if  the  body  had 
moved  uniformly  during  the  five  seconds  with  the  mean  velocity 
of  25  m.  In  like  manner,  the  distance  passed  over  between  the 
end  of  the  third  and  the  end  of  the  seventh  second  will  be 
J  (^0  _|_  70)  4  =  200  metres.  Representing,  then,  the  accelera- 
tion of  velocity  during  each  second  by  o,  as  above,  we  shall  have, 
for  the  distance  passed  over  during  T  seconds  by  a  body  moving 
with  a  unifoi-mly  accelerated  motion,  and  stai-ting  from  a  state 
of  rest, 

(Z=J(0+2'it)  T=\^T\  [4.] 

The  ti-uth  of  this  principle  can  be  proved  in  the  following  way . 
Let  us  suppose  the  timo  T  divided  into  a  large  number  (n)  of  very 
small  intervals.  Each  of  these  intervals  will  be  represented  by  -. 
These  intervals  we  will  take  so  small,  that  the  motion  during  tliis 
minute  fraction  of  a  second  may  be  regarded  as  uniform,  and  as 
having  the  same  velocity  which  it  really  has  only  at  the  end  of 
tlie  interval.  Eepresenting  the  velocity  at  the  end  of  one  second 
by  D,  the  velocity  at  the  end  of  ~  seconds  will  be,  by  [3],  -  »  ; 
tlie  velocity  at  the  end  of  2  -  seconds  wOl  be  2  -  »  ;     at  the 

end  of  3  —  seconds,   3  —  u,  etc. 

Regarding  this  velocity  as  uniform  during  the  interval,  we  have, 
by  equation  [2],  for  the  distance  passed  over  during  the  first  in- 
terval, the  value  rf,!=^M.  lu  the  same  way,  we  shall  find, 
for  the  second  interval,  d,=  %-^'o;  for  the  third,  d,  =  Z  ^ »  ; 
and  for  the  last,  d..  =  n^  0.  The  space  passed  over  during  the 
whole  time  T  will  be  equal  to  the  sura  of  these  values. 
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or, 

d=^-^^  (1  +  2  +  3  +  4+ +»). 

The  quantity  within  the  parenthesis,  being  the  sum  of  tho 
terms  of  aii  ai-ithmetical  progression,  is  equal  to  ^  (n -\- V)  n  ; 
and  substituting  this  value,  we  obtain, 

This  value  of  d  will  be  the  more  accurate  the  smaller  are  the 
intei-vals  of  time,  or  the  iai-ger  the  number  into  which  T  is 
divided  ;  aud  it  will  be  absolutely  accurate  when  the  number  is 
infinitely  large.  In  this  case  »  =  oo,  and  the  last  equation  be- 
comes the  same  os  [4] , 

d=ivT'.  [5.] 

For  another  time  T',  we  should  have  d'  !=lv  T",  and,  com- 
paring the  two  equations, 

d:d'  =  ^vT':^v  3"'=  T^ :  T'' ; 
that  is,  in  a  uniformly  accelerated  motion,  the  distances  passed 
over  by  a  moving  body  starting  from  a  state  of  rest  are  propor- 
tional to  the  squares  of  the  times  employed.     By  substituting 
in  [5]  the  value  of  T  obtained  from  [3],  it  gives, 

for  another  velocity  t)',  we  should  have  d'  =  -—,  and  comparing 
this  equation  with  the  last, 

■which  shows  that,  in  a  imiformly  accelerated  motion  stalling 
from,  a  state  of  rest,  the  distances  passed  over  by  a  moving  body 
are  proportional  to  the  squares  of  the  final  velocities.  By  trans- 
position we  obtain  from  [6] , 

which  is  an  expression  for  the  final  velocity  in  terms  of  the  dis- 
tance passed  over,  and  the  constant  increment  of  velocity  for 
each  second. 
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Returning  to  the  previous  illustration,  if  we  represent  by  a 
the  diataneo  tbro\igh  which  a  stoue  falls  in  the  first  second,  wo 
can  easily  find  the  following  values  for  the  distances  it  will  fall 
through  during  each  succeeding  second,  and  also  for  the  whole 
distance  it  will  have  fallen  through  at  the  end  of  each  second. 

1"    2"      3"      4"      5"       6"       7"  n" 

Successive  distances,  a     3«     5«     7«     9a    lies    13a....  (2 « — 1)  a. 

Whole  distances,         a     ia     9  a  16  a  25  a    3Ga    iOa n^  a. 

The  co-efficients  in  the  last  series  are  to  each  other  as  the  squares 
of  the  times;  —  which  has  already  been  proved.  Tliose  in  tlie 
first  series  are  as  the  series  of  odd  numbers,  and  can  be  deduced 
from  the  last  series,  by  subtracting  from  each  of  its  terras  tlie 
one  next  preceding  it. 

(22.)  Uniformly  Retarded  Motion.  —  A  motion  is  said  to  be 
uniformly  retarded,  when  its  velocity  diminishes  by  an  equal 
amount  each  second.  The  motion  of  a  stone,  thrown  perpendic- 
ularly into  the  air,  is  an  example  of  a  uniformly  retarded  motion. 
The  velocity  of  the  stone  rapidly  diminishes  until  it  becomes 
zero,  when  for  a  moment  it  is  at  rest ;  and  then  it  falls  back 
to  the  point  where  it  started.  If  we  now  use  u  to  denote  the 
amount  by  which  the  velocity  is  diminished  each  secoiid,  or  its 
retardation,  it  is  evident  that,  at  the  end  of  T  seconds,  it  will 
have  been  diminished  V  T.  If  next  wo  use  b'  to  denote  the 
initial  velocity,  it  is  also  evident  that  the  residual  velocity  at 
the  end  of  T  seconds  will  be  expressed  by  the  equation, 

h^b'  —  vT.  [S.] 

The  body  will  evidently  come  to  rest  when  ti  T  equals  b' ;  when 
T=  ^'.  [9.] 

In  the  case  of  the  stone,  B  ia  equal,  as  before,  to  about  ten  meti'es ; 
so  that  a  stone  thrown  perpendicularly  with  a  velocity  of  one  hun- 
dred metres  a  second,  would  come  to  rest  in  ton  seconds.  At  the 
end  of  five  seconds,  its  velocity  would  be  100  — 10  X  5  =  50 
metres. 

The  distance  passed  over  by  a  body  moving  with  a  unifonnly 
retarded  motion,  at  the  end  of  T  seconds,  is  evidently  equal  to 
the  distance  it  would  have  gone  in  virtue  of  its  initial  velocity, 
less  the  amount  by  which  it  has  been  retarded.  The  distance  it 
would  have  gone  in  virtue  of  its  initial  velocity  is,  by  [2],  equal 
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to  It  T.  Ill  order  to  determine  the  amount  by  which  it  has  been 
retarded,  wc  must  remember  that  tlie  distance  lost  each  second  is 
proportional  to  the  diminution  of  velocity.  At  the  end  of  T  sec- 
onds, the  velocity  lost  is  V  T,  and  the  distance  corresponding  to 
tills  loss  of  velocity  may  be  proved,  by  the  same  course  of  reason- 
ing used  in  (21),  to  be  equal  to  ^  u  2".     Hence, 

rf  =  t)'T— JoT^  [10.] 

The  height  to  -which  the  stone  of  the  previous  example  would 
rise  in  five  seconds  is  then  100  X  5  —  J  10  X  25  =  375  metres. 
We  have  found  that  a  body  moving  mi\\  a  uniformly  retarded 
motion  will  come  to  rest  when  T=  —.  By  substituting  this 
value  in  [10],  we  sliall  find  that,  when  at  rest. 


The  stone  will  then  rise  to  -x--  =  500  metres,  before   it  begins 
tofaU. 

(23.)  Compound  Motion.  —  It  has  already  been  stated,  that  a 
body  may  be  moving  in  several  directions  at  once,  and  moving 
with  perfect  freedom  in  each.  The  movements  of  the  passengers 
on  the  deck  of  a  vessel  sailing  over  a  calm  sea  preserve  the  same 
relations  of  direction  and  velocity,  relatively  to  tlie  different  parts 
of  the  vessel,  as  if  it  were  at  rest.  So  also,  the  motions  on  the 
surface  of  the  globe  are  not  influenced  by  its  rotation  on  its  axis, 
or  its  motions  tlirough  space.  A  point  on  the  rim  of  a  wagon- 
wheel  partakes  of  the  forward  motion  of  the  wagon,  while  it  is  _ 
also  revolving  roiind  the  axle.  The  actual  motion  of  a  body 
which  is  the  result  of  two  or  more  motions,  is  termed  a  com- 
pound motion  ;  and  we  will  now  inquire  what  must  be  the  path 
and  velocity  of  such  motions,  commencing  with  the  simplest  case, 
where  there  are  but  two  motions,  and  where  both  are  uniform. 

(24.)  Parallelogram  of 
Motions.  —  Let  us  then  sup- 
pose that  a  body,  starting 
from  a,  is  moving  towards 
m  with  a  uniform  motion, 
and  that  at  the  same  time 
the  line  «  £  is  moving  par- 
allel to  itself,  and  also  with 
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a  unifoi-m  motion,  towards  e  s,  the  point  a  always  keeping  on  the 
line  a  e.  Let  us  also  suppose  tliat  the  Telocities  are  so  adjusted, 
that,  when  the  body  reaches  the  point  £,  the  line  will  hare  reached 
the  position  e  s.  It  is  easy  to  show  that  the  path  described  by 
the  body  is  the  diagonal  «  5  of  the  parallelogram,  of  which  a  e  and 
e  s  are  two  sides. 

Lay  off,  in  the  direction  am,  a  line,  a  s,  equal  to  the  velocity 
of  the  moving  body,  and  on  tlie  Une  (tn&  distance,  a  e,  equal  to 
tlie  velocity  of  the  moving  line.  Divide  both  of  these  lines  into 
tlie  same  number  of  equal  parts.  Each  of  these  will  be  equal  to 
the  space  passed  over  by  the  moving  body  or  line  in  a  small  frac- 
tion of  a  second,  which  we  may  take  as  small  as  Tve  choose.  At 
the  end  of  the  first  of  these  intervals,  the  body  will  evidently 
reach  tlio  point  p ;  at  the  end  of  the  next,  the  point  g ;  at  the 
end  of  the  third,  r ;  and  so  on,  until  the  end  of  the  second,  when 
it  will  reach  the  point  s.  By  making  the  number  of  inteiTals 
lai^er  and  larger,  we  can  prove  that  the  body  will  pass  succes- 
sively a  larger  and  larger  number  of  points  on  tlie  line  a  s  ;  and 
by  making  the  number  of  intervals  infinite,  that  it  will  pass 
every  point  on  the  Une,  or,  in  other  words,  tliat  it  will  move  on 
the  line  itself. 

It  will  be  noticed,  that  the  proof  is  general  for  any  velocities 
when  the  two  motions  are  uniform ;  and  moreover,  that  the  line 
a  s  represents,  not  only  the  direction,  but  also  the  velocity  of  the 
moving  body.  Hence  follows  the  well-known  proposition,  first 
enunciated  by  Galileo,  and  generally  termed  the  Composition  of 
Velocities  :  —  The  velocity  resulting'  from,  two  simultaneous  ve- 
locities is  represented,  both  in  direction  and  in  amomit,  by  the 
diagonal  of  a  parallelogram  constructed  on  two  straight  lines, 
which  represent  the  direction  and  amount  of  these  velocities. 
The  reverse  of  this  must  also  be  true ;  and  any  given  motion 
may  be  considered  as  resulting  from  two  others  which  stand  in 
the  same  relations  to  it,  both  as  regards  direction  and  velocity, 
that  the  sides  of  a  parallelogram  do  to  its  diagonal.  Hence  the 
converse  proposition :  —  A  velocity  in  any  given  direction  may 
be  resolved  into  two  others,  represented  both,  in  direction  and 
amount  by  the  two  sides  of  a  parallelogram,  of  which  the  first 
velocity  is  the  diagonal. 

As  the  same  line  may  be  the  diagonal  of  an  infinite  number  of 
different  parallelograms,  it  follows  that  a  given  motion  may  be 
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composed  of,  or  may  be  resolved  into,  aii  infinite  number  of  dif- 
ferent pairs  of  Tiniform  motions, 

We  have  considered,  above,  a  motion  as  resulting  from  two 
other  imiform  motions  ;  but  a  motion  may  resiilt  from  three  or 
more  motions.  As  these  motions  ai-e  entirely  independent  of 
each  other,  we  can  obviously  find,  by  the  above  method,  what 
would  be  the  result  of  two  alone  ;  and  then,  hy  combining  this 
resultant  with  the  third  motion,  we  shall  obtain  a  second  result- 
ant, which  woxild  be  the  result  of  three  alone  ;  and  by  combining 
the  second  resultant  with  the  fourth  motion,  we  should  obtain  a 
third  resultant  ;  —  and  so  we  can  proceed  until  we  obtain  the 
final  resultant  of  all  the  motions. 

What  has  been  proved  to  be  true  in  regard  to  the  resultant  of 
two  or  more  uniform  motions,  is  also  true  in  regard  to  two  or  more 
uniformly  varying  motions,  provided  the  variations  of  both  follow 
the  same  law.  This  truth  can  easily  be  proved  in  the  case  of  two 
uniformly  accelerated  or  uniformly  retarded  motions,  by  laying 
off,  on  two  hues  representing  the  directions  of  the  motions,  the 
spaces  passed  over  during  successive  intervals  of  time,  taken  so 
small  that  the  motion  during  each  interval  may  be  considered 
uniform.  Wo  can  thus  find  the  points  at  which  the  moving  body 
will  be  at  the  end  of  these  successive  intervals,  as  above ;  and  it 
will  then  be  easy  to  prove  that  the  I'esulting  motion  may  be  rep- 
resented, both  in  direction  and  velocity,  by  tlie  diagonal  of  a 
parallelogram,  of  which  the  two  sides  represent  the  velocities  at 
the  end  of  one  second. 

In  the  case  where  the  original  motion  is  uniform,  it  is  easy  to 
prove  that  the  resulting  motion  is  also  uniform  ;  and  where  it  is 
varying,  that  the  resulting  motion  varies  according  to  the  same 
law  as  its  two  components.  Thus,  in  the  last  example,  the  result- 
ing motion  will  be  uniformly  accelerated  or  retarded,  as  the  case 
may  be. 

(25.)  Curvilinear  Motion.  —  In  tho  cases  above  considered, 
the  resulting  motion  is  rectilinear ;  if,  however,  any  one  of  the 
motions  of  which,  a  compound  motion  is  composed  obeys  a  differ- 
ent law  from  the  rest,  the  resulting  motion  is  curvilinear.  As 
the  velocity  of  a  moving  body  may  vary  according  to  many  dif- 
ferent laws,  and  as  an  infinite  number  of  combinations  of  such 
varying  motions  may  be  made,  an  infinite  variety  of  curvi- 
linear motions  may  result.    We  can  only  consider  hero  one,  and 
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that  one  of  the  simplest  cases,  which  will  serve  as  an  example 
of  the  rest.  Let  us,  then,  suppose  a  body  movhig  from  a  to  m  (Fig. 
4)  with  a  uniform  motion,  and  at  tlie  same  time  moving  in  the 
direction  a  n  with  a  uniformly 
accelerated  motion.  An  ex- 
ample of  such  a  motion  would 
be  that  of  a  cannon-hall,  lired 
horizontally  from  the  embra^ 
sure  of  a  fort,  at  some  height 
above  the  general  surface  of 
the  ground.  In  virtitc  of  the 
projectile  force,  it  would  move 
horizontally  along  the  line  a  m 
with  a  uniform  motion,  while 
in  obedience  to  the  force  of 
gi-a-vity  it  would  rapidly  fail  to 
the  earth,  in  the  direction  an, 
with  a  uniformly  accelerated  motion.  To  find  the  path  of  the  re- 
sulting motion,  let  t)  he  the  velocity  of  the  uniform  motion,  and 
t)  the  acceleration  of  velocity  of  the  falling  body  for  each  second. 
Lay  off  on  the  line  a  m  the  distances  a  /3,  /3  ;*,  ;'  i,  etc.,  each  equal 
to  b.  Lay  off  on  the  line  a  n  the  distances  ab,bc,cd,  etc.,  equal 
to  I D,  0  D,  ^  V,  etc.,  the  distaucea  through  which  the  ball  will  fall  in 
successive  seconds.  Draw  through  each  of  the  points  /J,  jf,  S,  etc., 
lines  parallel  to  a  n,  and  through  b,  c,  d,  etc.,  lines  parallel  to 
am.  The  points  P,  Q,  E,  etc.,  where  tlie  first  set  of  lines  inter- 
sect the  second,  are  evidently  points  through  which  the  ball  must 
pass.  Join  these  points  by  a  curved  line,  and  this  fine  will  repre- 
sent the  path  of  the  ball.  It  is  easy  to  show  that  this  path  is  a 
parabola.  For  this  purpose,  let  tlio  lines  a  m  and  a  m  be  tlie  axes 
of  co-ordinates.  The  co-ordinates  of  any  point,  as  s,  are  s  e  ^  a; 
and  s  s^y;  and  we  know  that  a;  =  £  a  =  I)  7",  and  also  y^ea 
=  i  t)  2".  Equating  the  values  of  T  obtained  from  these  equa- 
tions, we  have,  by  reduction. 


2l). 


parabola,  in  which  i/i  =: 


a  constant   quantity,  this 


the   equation  of  a 
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PROBLEMS. 

Velocity  and  Uniform  Motion. 

12.  A  locomotive  runs  36  kilometres  ia  V-  20'.  What  is  the  velocity 
of  tlie  locomotive  ? 

13.  A  horse  ti-ots  11  kilometres  in  one  hour.     "What  is  his  velocity? 

14.  A  man  walks  5,6  kilometres  in  I''- 10'.     What  is  hia  velocity? 

15.  From  the  extremities,  A  and  B,  of  a  straight  line  24,000  m.  long, 
two  bodies  start  at  the  same  time.  The  one  fram  A  moves  in  the  direc- 
tion A  B  with  a  velocity  of  2  m.;  the  other  from  B,  in  the  direction 
B  A,  with  a  velocity  of  S  m.  At  what  distance  imm  A,  and  afier  what 
time,  will  they  meet  ? 

16.  Prom  the  extremities,  A  and  5i  of  a  striught  Ime  a  m.  long,  two 
bodies  start ;  the  one  from  A,  t"  aiier  the  one  from  B.  The  one  fi-om  A 
moves  with  a  velocity  of  c  m.,  the  one  from  B  with  a  velocity  of  c,  ra.  At 
what  distance  from  A  will  they  meet  ? 

Uniformly  Accelerated  or  Retarded  Motion. 

17.  Find  the  space  through  which  a,  body  falls  in  7",  and  the  velocity 
acquired.     The  increment  of  velocity  each  second  is  11  ^  9.8  m. 

18.  A  stone  falls  from  the  top  of  a  tower  to  the  earth  in  2.5".  How 
high  is  the  tower  when  D  =  9.8  m.  ? 

19.  On  the  surftce  of  the  moon,  the  increment  of  velocity  of  a  falling 
body  is  t)  =  1.654  ;  on  the  surface  of  the  planet  Jupiter,  0  =  26.243. 
Find  the  answers  to  the  last  two  problems  with  these  values. 

20.  A  slone  is  let  fall  into  a  pit  100  m.  deep.  With  what  velocity  will 
it  strike  the  bottom  of  the  pit  ?  With  what  velocity  would  it  strike  the 
bottom  of  a  similar  pit  on  the  moon,  and  on  Jupiter  ? 

21.  A  stone  is  projected  vertically  with  a  velocity  of  50  m.  How 
high  will  it  rise  from  the  earth  ?  How  high  would  it  rise  from  the 
moon,  and  from  Jupiter?  After  how  many  seconds  will  it  again  reach 
the  ground  in  the  thi-ee  cases  ? 

22.Ahodyis  projected  vertically  from  the  bottom  of  a  tower  80  m. 
high,  with  a  velocity  of  48  m.  In  what  time  will  it  reach  tlie  top,  and 
what  will  he  its  velocity  at  that  time  ?  Also,  to  what  height  above  the 
top  of  the  tower  will  it  rise,  and  after  what  time  will  it  again  i-each  the 
bottom  ? 

23.  A  hody  is  projected  vertically  ivith  SO  m.  velocity.  A  second  later, 
another  body,  with  40  m.  velocity,  is  projected  vertically  from  the  same 
point.    At  what  point  of  elevation  will  the  two  meet  ? 

24.  A  cannon-ball,  heing  projected  vertically  upwards,  returned  in 
20"  to  the  place  from  which  it  was  iired.  How  high  did  it  ascend,  and 
what  was  the  velocity  of  its  projection?  Solve  the  problem  also  for  S  = 
1.654,  and  0  =  2G.243. 
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(26.)  Force.  — Matter,  of  iteelf,  is  incapable  of  changing  its 
state,  either  of  rest  or  of  motion.  If  a  body  be  at  rest,  it  cannot 
put  itself  in  motion ;  if  a  body  be  in  motion,  it  can  neither 
change  that  motion  nor  reduce  itself  to  rest.  Any  siich  change 
mtist  be  produced  by  some  external  cause  indep^dcut  of  tlie 
body.  This  quality  of  matter  we  term  Inertia;  and  the  external 
cause  we  term  Force.  In  discussing  the  origin  and  nature  of 
force  in  the  introductory  chapter,  we  used  tliis  word  for  the  cause 
of  all  the  phenomena  of  nature.  We  shall  use  it,  in  tliis  section, 
in  a  more  limited  sense,  as  meaning  "  am/  agency  which,  applied 
to  a  body,  imparts  motion  to  it,  or  produces  pressure  -upofi  it,  or 
causes  both  of  these  effects  together."  In  studying  the  action  of 
a  force  upon  a  body,  we  must  consider  three  things.  First,  tlie 
point  of  the  body  to  which  it  is  applied,  its  point  of  application ; 
secondly,  its  intensity ;  thirdly,  its  direction.  The  action  of 
forces  on  bodies  is  the  subject-matter  of  Mechanics.  We  shall 
only  be  able  to  consider  here  those  elementary  principles  of 
this  science  wMch  we  shall  have  occasion  to  use  in  this  boot, 
referring  the  student  to  works  on  Mechanics  for  a  full  exposition 
of  the  subject. 

(27.)  Direction  of  Force. — When  a  force  applied  to  any 
point  of  a  body  causes  it  to  move,  the  direction  of  the  motion  is 
the  direction  of  the  force.  If  the  point  cannot  move,  the  direc- 
tion of  the  force  is  the  direction  of  the  pressure  exerted  by  it,  or 
the  direction  in  wliich  the  point  would  move  if  it  were  free. 
When  tioo  or  more  forces  are  applied  to  any  point  of  a  body, 
each  of  these  produces  the  same  effect  as  if  it  were  acting  alone. 
This  is  a  necessary  consequence  of  what  has  already  been  stated, 
in  regard  to  the  perfect  freedom  with  which  a  body  may  move  in 
several  directions  at  once.  Each  of  these  motions  may  be  the 
result  of  a  separate  force,  which  thus  acts  in  producing  motion  as 
if  it  were  acting  alone.  Hence,  also,  the  action  of  a  force  upon 
a  body  is  not  affected  by  its  condition  of  rc'it  or  motion,  because 
the  result  which  it  produces  is  by  the  above  principle  entirely  in- 
dependent of  the  motions  which  other  forces  have  impressed  iipon 
it.  For  example,  if  a  body  moving  witli  a  given  velocity,  under 
the  influence  of  a  given  force,  is  suddenly  acted  upon  by  another 
and  equal  force,  in  a  direction  at  riglit  angles  to  the  first,  it  will 
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move  in  tbc  new  direction  with  tlie  same  velocity  as  if  it  had 
been  previously  at  rest.  The  path  it  describes  can  be  found  by 
combining  the  two  motions  according  to  the  principles  already 
described. 

It  follows  from  this  principle,  that  a  body  under  the  in- 
Jluence  of  a  force  which  is  constant,  both  in  direction  and 
intensity,  moves  ivith  a  uniformly  accelerated  velocity.  That 
tliis  must  be  the  case  can  be  seen  by  reflecting  that,  if  this 
force  imparts  to  the  body  a  velocity  B  during  the  first  second, 
it  will,  from  the  principle  just  stated,  impart  the  same  velocity 
during  each  succeeding  second.  At  the  end  of  the  second 
second,  t!ie  body  will  then  have  the  velocity  gained  during  two 
seconds,  or  2  B ;  at  the  end  of  the  third  second,  it  will  have 
the  velocity  gained  during  three  seconds,  or  3  b  ;  and  so  on. 
In  other  words,  the  velocity  will  be  proportional  to  the  time, 
which  is  the  characteristic  of  uniformly  accelerated  motions. 
The  reverse  of  this  also  must  be  true ;  that  is,  a  body  moving 
with  a  uniformly  accelerated  velocity  in  a  straight  line,  must  be 
under  the  influence  of  a  force  of  constant  intensity  acting  in  the 
direction  of  its  motion. 

If,  when  a  body  has  acquired  a  given  velocity,  the  force  ceases 
to  act,  the  body  will  continue  to  move  with  the  same  velocity  and 
in  the  same  direction  which  it  had  when  the  action  of  the  force 
ceased ;  in  othei  words,  it  will  ha\e  a  umfoim  motion,  and  the 
motion  will  continue  mitd  it  is  aiiestcd  by  an  eiiunalent  force, 
acting  for  an  equal  time  m  the  opposite  duection  This,  which 
is  a  necessary  consequence  of  the  \  nnciple  of  inertia,  is  illus- 
trated by  many  familni  ficts  A  tram  of  cars  continues  to 
move  after  the  action  of  the  steam  ha-i  cei'^ed,  and  until  the  fric- 
tion of  the  wheels  and  the  resistance  of  the  atmosphere  destroys 
the  motion.  "Were  it  not  foi  these  opposing  forces,  a  body  once 
set  in  motion  on  the  earth  would  continue  to  moi  e  indefinitely 
with  the  same  -veloLitj ,  and  m  the  some  ducction,  which  it  had 
when  the  force  which  produced  the  motion  ceased  to  act.  This 
does  not  admit  of  direct  experimental  illustration  ;  because,  on 
the  surface  of  the  earfh,  we  can  never  entu-ely  remove  a  body  from 
the  influence  of  the  resistance  of  the  air  or  of  friction.  But 
even  here,  the  more  completely  these  influences  arc  removed,  the 
longer  motion  continues ;  and  in  the  heavenly  bodies,  where  thoy 
do  not  exist,  at  least  to  any  sensible  degree,  the  motion  is  per- 
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petual.  A  uniform  motion  does  not,  tlierefore,  imply  tho  oxist- 
ence  of  a  force  still  acting ;  it  only  shows  that  a  force  has  acted 
at  some  previous  time* 

(28.)  Equilibrium.  —  T^Tien  two  or  more  forces  are  acting  on 
a  body,  or  on  a  system  of  bodies,  in  such  a  way  that  they  exactly 
balance  each  other's  effects,  they  are  said  to  be  in-  equilibrium. 
Forces  so  adjusted  will  not  communicate  motion  to  a  body  at  rest, 
or  alter  its  motion,  if  already  in  motion.  That  portion  of  the 
science  of  Mechanics  which  treats  of  the  conditions  of  equilibri- 
um, is  termed  Statics  ;  that  part,  of  which  the  object  is  to  deter- 
mine the  motiort  which  a  body  assumes  when  the  forces  which 
are  applied  do  not  constitute  an  equilibrium,  is  called  Dynamics. 

(29.)  Measure  of  Forces.  —  We  conceive  of  forces  as  having 
different  intensities,  and  hence  as  quantities,  which  can  be  ex- 
pressed in  numbers,  selecting  one  of  them  as  the  unit.  As, 
however,  we  only  know  forces  through  tlieir  effects,  we  can  only 
compare  them  together  by  comparing  their  effects ;  that  is,  by 
comparing  together  the  amounts  of  motion  they  cause,  or  tho 
amounts  of  pressure  they  exert.  Let  us  then  seek  for  a  measure 
of  foi-ce  in  the  amount  of  motion  which  it  causes.  In  discussing 
this  subject  we  can  assume  as  axioms,  —  first,  that  two  forces 
are  equal  which  will  give  equal  velocities  to  equal  amounts  of 
matter  in  the  unit  of  time;  secondly,  that  two  forces  are  equal 
which,  when  applied  in  opposite  directions  to  am,y  point  of  the 
same  body,  or  to  any  two  points  situated  in  the  line  of  the  forces 
and  inseparably  united,  leave  it  at  rest.  The  following  proposi- 
tions can  now  be  easily  proved. 

Proposition  1.  IHvo  constant  forces,  which  in  the  unit  of  time 
impart  to  unequal  masses  of  maiter  equal  velocities,  must  be  to 
each  other  as  these  masses.  Let  ii^  suppose  that  we  have  « 
equal  masses  of  matter,  each  represented  by  m,  on  which  are 
acting  n  equal  forces  in  directions  parallel  to  each  other,  each 
represented  by  /.     By  the  axiom  above,  each  of  these  masses 

*  This  Btatemsnt  does  not  apparently  agree  with  the  principle  of  the  introdnctory 
chapter,  ia  which  it  13  maintained  that  al!  phenomena  imply  a  contiuaously  acting 
Qause ;  but  it  must  be  remembered  that  the  word  force  is  used  here  in  its  mechanical 
sense,  and  that  although  in  this  limited  sense  present  motion  does  not  imply  acting 
force,  yet  it  by  no  means  follows  that  the  motion  is  not  maintained  by  llie  very  will  of 
which  what  wo  term  mechanical  force  is  but  another  manifestation.  The  subject  ia 
involved,  however,  in  philosophical  difficulties,  which  canno 
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will  receive  the  same  velocity  in  tho  unit  of  time  ;  they  will,  there- 
fore, all  move  in  the  same  dii-ectioii  and  with  the  same  velocity, 
and  must  preserve  the  same  relative  position.  We  may  then 
regard  them  as  united  in  a  smgle  body,  whose  mass  is  equal  to 
nX  m,  on  which  is  acting  a  force  equal  to  »  X  /.  Hence  it 
follows,  that  the  force  nXf  will  give  to  the  mass  «  X  m  the 
satiie  velocity  that  the  force  /  will  give  to  the  mass  n.  It  is  evi- 
dent that 

n  Xf  '■  /=  w  X  111  :  m. 

To  make  this  proof  more  general.  Let  M  and  31'  represent  the 
two  masses  of  matter,  which  we  will  suppose  to  be  commensu- 
rable, and  let  m  be  their  common  measure  ;  so  that 

M=  n  m,     and     M'  =  n'  m. 
Represent  by/  the  value  of  the  force  which  will  impart  to  m  the 
given  velocity  in  the  unit  of  time ;  then,  by  what  precedes, 
nf  -will  give  the  same  velocity  to  n  m,  or  M,  aud 
,j' /■  It  "  "  n'  m,  or  M'. 

Represent  nf  by  F,  and  n'f  by  F',  and  we  have 

^f:n'f=nm:n'm,     or     F:F'  =  M:M',      [11.] 
which  was  to  be  proved.     If  the  masses  are  not  commensurable, 
we  can  take  m  infinitely  small. 

Proposition  2.  Two  constant  forces,  which  in  the  unit  of  time 
impart  to  equal  masses  of  matter  unequal  velocities,  must  be 
to  each  other  as  these  velocities.  Represent  the  two  forces  by 
F  and  F',  which  we  will  suppose  to  be  commensurable,  and  let 
/  be  their  common  measure  ;  so  that  F=nf,  and  F'  =  n'f. 
Represent  also  by  t)  and  t)'  the  velocities  which  these  forces  re- 
spectively impart  to  the  common  mass,  M,  in  the  unit  of  time. 
The  force  /  will  be  capable  of  impartmg  to  -M  a  velocity,  which 
we  will  represent  by  v".  It  follows  now,  from  the  last  proof, 
that  F  =71/ will  impart  to  ilf  a  velocity  »»"  =  r,  and 
thatF'=w7  "  "  "  n'0"  =  v'; 

hence,  ^     „,  ,  nm 

n,f:n'f=^nvi":n'o",    or    F :  !< '  =  0  :  V.         [l^-J 

Proposition  3.  Two  constant  forces  are  to  each  other  as  the 
products  of  the  masses  by  the  velocities  which  they  impart  to 
these  masses  in  the  unit  of  lime.     Let  F  and  F'  be  the  two  forces 


d  by  Google 


ob  CHEMICAL  PHYSICS. 

acting  on  the  masses  M  and  M',  and  imparting  to  tliom  the 
velocities  o  and  u'  in  tlie  unit  of  time.  Represent  by  /  a  force 
■which  imparts  to  the  mass  Mthe  velocity  b'  in  the  unit  of  time. 
F  and  /  are,  then,  two  forces  which,  in  the  unit  of  time,  impress 
on  equal  masses,  ilfand  M,  luicqual  velocities,  v  and  v' ;  hence, 
from  Proposition  2, 

F:/=o:v'. 
Moreover,/ and  i^'  are  two  forces  which   impress  on   unequal 
masses,  iW  and  ilf',  eqiud  velocities,  b' and  b';  hence,  from  Prop- 
osition 1, 

/:  F'^M:  M'. 
Multiplying  the  two  proportions,  term  by  term,  we  obtain 

F:  F'  =  Mo:  M' V,  [13.] 

■which  was  to  be  proved. 

In  order  to  measure  a  force,  we  have  then  only  to  select  some 
one  force  for  oui-  unit,  and,  by  the  principles  of  the  above  propo- 
sitions, compare  all  other  forces  with  it.  We  will  then  assiune, 
as  the  unit  of  force,  that  force  which,  acting  on  the  ■unit  of  mass 
during  oue  second,  will  impress  upon  it  a  velocity  of  one  meti-e, 
or  that  force  which  causes  an  acceleration  of  one  metre  in  the 
velocity  of  tlie  unit  of  mass  each  second.  If  then  a  given  force, 
F,  acting  during  one  second,  impresses  on  a  given  mass  of  mat- 
ter, M,  a  velocity,  a,  we  can  easily  find  the  relation  it  bears  to 
the  unit  of  force  by  the  above  proportion, 

F:  F'  ^Mvi:  M'  V. 
If  F'  is  the  imit  of  force,  then,  by  definition,  M'  and  v'  are  both 
equal  to  unity ;  and  tlie  proportion  gives 

F=Mv.  [14.] 

It  will  be  remembered  (21),  that  the  quantity  B  is  termed 
technically  the  acceleration.  Hence,  the  measure  of  a  force  is 
the  product  of  the  mass  moved  hy  the  acceleration.  For  example, 
if  the  mass  moved  is  equal  to  four  units  of  mass,  and  the  accel- 
eration is  equal  to  six  metres,  the  intensity  of  the  force  is  equal 
to  twenty-four  ;  that  is,  the  intensity  of  the  force  is  twenty-four 
times  as  great  as  the  unit  of  force, 

If  a  constant  force  continues  to  act  upon  a  body  during  a  given 
time,  it  imparts  to  it  each  second,  as  we  have  seen,  as  much  ve- 
locity as  it  gave  to  it  the  first.     This  velocity  wo  have  called  the 
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acceleration,  and  represented  by  v.  At  tlio  end  of  T  seconds  tlio 
velocity  is  Tv,  which  has  been  represented  by  V.  If  now  the 
force  ceases  to  act,  the  motion  becomes  uniform,  and  tlie  body 
continues  to  move  with  the  velocity  \)  =  Tv.  In  order  to  stop 
tliis  motion,  it  would  be  necessary  to  apply  to  the  body,  in  an  op- 
posite direction,  a  force  of  the  same  intensity,  for  an  equal  time. 
If  M  represents  the  mass  of  the  body.  Mo  represents  the  inten- 
sity of  the  original  force ;  and  hence  it  would  require  a  force  of 
the  intensity  Mv  acting  during  T  seconds  to  destroy  the  mo- 
tion. Evidently,  however,  the  same  effect  could  be  produced  by 
a  force  of  T  times  the  intensity,  acting  for  one  second.  The 
intensity  of  this  force  would  be 

TMv  =  Mb.  [15.] 

Hence  the  product  of  the  mass  of  a  body  by  its  velocity  repre- 
sents the  intensity  of  a  force  which,  acting  during  one  second, 
will  bring  the  body  to  rest.  This  product  is  usually  called  the 
momentum  of  a  moving  body.  We  say,  for  example,  that  a  body 
whose  mass  is  equal  to  five  units,  and  which  is  moving  with 
a  velocity  of  four  metres,  has  a  momentmn  equal  to  20 ;  and 
we  mean  by  this,  that  it  would  require  a  force  twenty  times  as 
intense  as  the  unit  of  force,  and  acting  for  one  second  in  a  direc- 
tion opposite  to  that  of  the  motion,  to  bring  the  body  to  rest. 
The  momentum  is  also  frequently  called  the  vwving-  force  of  the 
body,  because  it  not  only  represents  the  intensity  of  the  force  re- 
quired to  overcome  its  motion,  but  also  because  the  body  itself 
would  exert  a  force  of  this  intensity  against  any  obstacle  tending 
to  resist  its  motion.  In  this  view,  momentum  may  be  regarded 
as  representing  the  accumulated  intensity  of  force  in  a  body  ;  the 
product  M  0  representing  the  intensity  of  force  in  a  body  after 
one  second ;  the  product  M  i)  representing  the  accumulated  in- 
tensity after  T  seconds. 

It  must  be  carefully  noticed,  that  we  have  considered  in  this 
section  solely  the  measure  of  tlie  intensities  of  forces,  and  not 
the  measure  of  their  quantities.  The  quantity  of  a  force,  or,  as 
this  is  frequently  called,  its  power,  is  measured  in  a  different 
way,  as  will  be  shown  in  (42).  In  this  work,  wo  shall  have  to 
deal  almost  solely  with  the  intensities  of  forces,  and  when  the 
measure  of  force  is  referred  to,  it  must  be  always  understood 
to  mean  the  measure  of  its  intensity,  unless  the  reverse  is  ex- 
pressly stated. 
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(30.)  Components  and  Resultant.  —  In  mechanical  problems 
we  frequently  have  two  or  more  forces  acting  at  once  on  tlio  same 
point  of  a  body,  or  ou  several  points  which  are  immovably  united 
together  ;  and  it  becomes  important  to  consider  what  will  be  their 
combined  effect.  This  problem,  which  is  termed  the  composition 
of  forces,  reduces  itself  to  that  of  finding  the  direction  and 
amount  of  a  single  force  which  would  produce  the  same  motion 
as  that  resulting  from  the  action  of  all  the  forces  combined. 
This  single  force  is  called  the  resultant,  and  the  forces  to  which 
it  is  equivalent  in  effect  are  called  its  components.  It  follows, 
&om  this  definition,  that  a  force  is  mechanically  equivalent  to 
the  E\im  of  its  components,  and,  on  the  other  hand,  that  any 
number  of  forces  are  mechanically  equivalent  to  their  resultant ; 
because,  as  we  only  know  forces  through  their  effects  in  pro- 
ducing motion,  any  forces  wliich  produce  the  same  motions  are 
to  us  equivalent. 

(31.)  Forces  may  be  represented  by  Lines.  —  The  unit  of 
force  has  been  defined  as  that  force  which  causes  an  acceleration 
of  one  metre  in  the  motion  of  the  unit  of  mass  each  second ;  and, 
further,  it  has  been  shown  that  the  product  of  the  mass  moved, 
by  the  acceleration,  is  the  number  of  units  of  force  to  which  any 
given  force  is  equivalent.  If,  then,  we  represent  the  unit  of 
force  by  a  fine  one  centimetre  long,  any  other  force  will  be  repre- 
sented by  a  luia  as  many  centimetres  long  as  the  number  -wbicli 
is  obtained  by  multiplying  the  mass  it  moves  by  the  acceleration 
it  imparts  each  second.  Moreover,  since  these  lines  may  be 
made  to  represent  the.  directions  as  well  as  tlie  amounts  of  the 
forces,  the  problems  of  resolution  of  forces  may  be  reduced  to 
problems  of  geometry. 

(32.)   Tlie  point  of  application  of  a  force  may  be  changed  to 
any  other  point  of  the  body  on  the  line  of  the  direction  of  the 
force,  without  altering-  in  any  respect  the  action  of  the  force  on 
the  body,  provided  only  that  the  two  points  are  immovably  united 
together.     The  truth  of  this  proposition 
seems  almost  self-evident ;  for  it  amounts 
only  to  tills,  —  that  a  given  force  acting 
in  the  direction  AB  (Fig.  5)  will  pro- 
duce the  same  effect,  whether  it  is  applied 
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in  pushing  tlie  body  forward  at  A,  or  in  pulling  it  forward  from 
B.  The  following  illuatration  may  make  the  matter  still  clearer. 
We  will  assume  that  the  force  applied  at  A  is  equal  to  five  units 
of  force,  and  is  in  the  direction  A  B.  We  will  now  apply  two 
forces,  each  of  the  same  value  as  the  last,  to  the  point  B ;  one  in 
the  direction  A  B,  and  the  other  in  the  direction  B  A,  as  we  can 
obviously  do,  without  changing  the  condition  of  the  body.  The 
second  of  these  forces  will,  by  the  axiom  of  (29) ,  exactly  counter- 
balance the  force  applied  at  A,  and  we  shall  then  have  left  a 
force  of  five  units  applied  at  B,  and  acting  in  tlie  direction  A  B, 
producing  an  equivalent  effect  to  that  of  the  first  force. 

(33.)  Resultant  of  Forces  in  the  same  Straight  Line. — The 
resultant  of  a  number  of  forces  acting  in  the  same  straight  line 
on  a  point  of  a  body,  is  obviously  equal  to  the  sum  of  the  forces 
acting  in  one  direction  less  the  sum  of  the  forces  acting  in  the 
opposite  direction ;  and  this  resultant  is  in  the  direction  of  the 
largest  sum.  If,  for  example,  we  liave  three  forces  applied  to 
the  point  A  (Fig.  5)  in  the  direction  A  B^  equal  respectively  to 
4,  6,  and  7  units,  and  two  forces  in  the  opposite  direction  equal 
to  18  and  10  units,  then  tlie  resiiltant  force  will  be  equal  to 
(4  -f  6  -|-  7)  "  (18  +  10)  =  —11  units,  and,  as  the  nega- 
tive sign  indicates,  will  act  in  the  direction  B  A.  The  validity 
of  this  principle  follows  from  the  fact,  tliat  each  force  acts  as  if 
it  were  the  ordy  force  acting  (27).  As  was  shown  in  the  last 
section,  it  is  unimportant  whether  all  the  forces  are  applied 
at  .4,  or  whether  they  are  applied  at  different  points  along  the 
line  A  B. 

(34.)  Resultant  of  Forces  acting  in  differ- 
ent  Directions,  but  applied  at  the  same  Point, 
or  Parallelogram  of  Forces.  —  Let  us  sup- 
pose that  we  have  two  forces,  F'  and  F", 
applied  to  the  point  A  (Fig.  6),  in  the  di- 
rections A  b  and  A  b'  respectively,  and  let  us 
inquire  what  will  be  their  resultant.  It  lias 
already  been  proved,  that  two  forces  acting 
on  the  same  or  equal  masses  of  matter  are 
to  each  other  as  tlie  accelerations ;  or, 

■\Vhat  ilicreforo  is  true  in  regard  to  the  two 
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velocities  must  be  true  relatively  in  regard  to  the  two  forces, 
so  that  if  wo  can,  by  any  metliod,  find  tlie  resultant  of  the  two 
velocities,  this  same  method  will  give  us  the  resultant  of  the  two 
forces.  Now  it  has  been  proved  (24),  that  the  resultant  of  two 
velocities  is  represented,  both  in  direction  and  amount,  by  the 
diagonal  of  a  parallelogram  whose  sides  represent  the  directions 
and  velocities  of  the  two  motioife ;  and  hence  it  follows,  that  the 
resultant  of  two  forces  is  represented,  both  in  direction  and  in- 
iensity,  by  the  diagonal  of  a  parallelogram  whose  sides  represent 
the  directions  and  intensities  of  the  component  forces.  The  re- 
sultant of  two  forces  can,  therefore,  always  be  found  by  a  very 
easy  geometrical  construction.  It  can  also  be  calculated ;  for  we 
have,  by  a  well-known  principle  of  trigonometry,  from  Fig.  6, 

AC'  -=  AB'  -f  SU'  —  2  AB  .  B~G  .  cos  ABC; 
or,  since  B  A B'  =  180°  —  ABC,  and  therefore  cos  AB  C  = 
—  cos  B  A  B',  we  have 

AC'  =  AB'  -i-  BC'  -{-2AB  .  BG  cos  B  A  B'. 
Representing  the  two  component  forces  by  F'  and  F",  their  re- 
sultant by  F,  and  tlio  angle  between  the  components  by  «,  the 
last  equation  becomes 

F'  =  F"  +  _F"=  -f  2  _F'  F"  cos  a.  [IG.] 

In  many  cases  witli  wliicU  we  meet  in  nature,  the  directions  of  the 
two  components  make  a  right  angle ;  then  the  last  term  of  [14] 
disappears,  and  the  equation  becomes 

F'  =  F"i^F"\  [IT.] 

(35.)  Decomposition  of  Forces.  — As  any  given  motion  may 
be  the  result  of  an  infinite  number  of  pairs  of  motions  (24),  so 
any  given  force  is  the  equivalent  of  an  infinite  number  of  pairs 
of  forces.  It  follows  from  wliat  has  been  proved  above,  that 
we  can  replace  a  given  force  acting  on  the  point  A  (Fig.  7),  and 
represented  in  direction  and  intensity  by  A  P,  by  the  two  forces 
represented  by  either  of  tlie  pairs  of  lines  A  B  and  AB',  A  C 
and  AC,  AD  and  AD',  AE  and  A  E',  or  indeed  by  any  otiicr 
pair  of  forces  which  can  be  represented  by  the  sides  of  a  par- 
allelogmm,  of  which  the  line  representing  the  given  force  is 
tlie   diagonal.     As  the  sides  of  a  parallelogram  may  have  any 
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angular  position  whatsoever  with  reference  to  tlie  diagonal,  it 
follows  that  a  given  force  may  be  decomposed  into  two  others  in 
any  required  directions.     If,  then,  the  e  in  units, 

and  two  direetious,  are  given, 
the  value  in  units  of  two 
components  in  these  direc- 
tions can  always  be  found. 
The  problem  can  be  solved 
geometrically  tlixis.  Draw  a 
line,  A  C  (Fig.  6),  as  many 
centimetres  long  as  tliero 
are  units  in  the  given  force. 
Draw  two  indefinite  lines,  A  h 
and  A  b',  in  the  required  di- 
rections, making  the  given 
angles  with  A  C.  Finally,  draw  tlirough  C  Ihics  parallel  to 
A  b  and  A  b'.  These  lines  will  intersect  the  fii'st  at  the  points 
B  and  B',  and  the  lengtli  in  centimetres  of  AB  and  A  B'  thus 
determined  will  be  the  values  in  units  of  the  required  forces. 

The  problem  can  also  be  solved  by  trigonometry.  Denote  the 
value  in  units  of  the  given  force  by  F,  and  those  of  the  required 
components  by  z  and  ^.  Denote  also  the  angles  whieh  x  and  p 
are  required  to  malte  with  .F  by  C4  and  ^  respectively.  la  the 
triangle  A  B  C,-vfS  have 

AB:  AC=smACB:  sin  ABC; 
and  also,  since  AB'  =  BC, 

AB'  :  AC^sinBAC:  sinABC. 
Substituting  in  these  proportions  the  eq\iivalent  values  A  B^ x, 
AB'^y,  BAC^a,  A  C B^^,  A  B  C=180° —  (a  + ^), 
they  become 

.-c  :-F=:sin/3  :  Ein(«-f /3),  and  f/ :  i'''=  sin  «  :  sin  (a-j-/^)- 
Hence, 

When  the  two  components  are  at  right  angles  to  each  other,  then 
«  +  j3  =  90%  and 

X^Famjl,     and     ij  =  F  sin  a.  [19.] 
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The  decomposition  of  a  force  into  two  otliers  is  vei-y  fi'eqiicntly 
applied  in  mechanics,  in  order  to  determine  the  action  of  a  force 
when  it  does  not  act  in  the  direction  in  wliich  its  point  of  appli- 
cation moves.  The  case  of  a  canal-boat  affords  an  illustration  of 
its  application.  The  power  is 
applied  to  the  boat  at  the 
point  A  (Fig.  8),  through  the 
cord  A  C,  which  is  attached 
at  the  other  end  to  the  horses 
on  the  tow-path.  The  boat  is 
prevented  from  approaching 
the  bank  bv  the  action  of  tlie  mdder,  and  can  only  move  in  the 
direction  A  a  Knowing  the  force  exerted  in  the  direction  J./, 
and  the  angle  a,  it  is  required  to  find  the  eifective  force  by  which 
the  bolt  IS  piopellpd  Decompose  the  force  F  into  two  com- 
ponents, \  in  the  dueetion  A  a,  and  y  in  the  direction  A  b.  The 
last  force  IS  balanced  by  the  resistance  of  the  water;  but  the 
first,  acting  in  the  direction  of  least  resistance,  that  of  tlie  boat's 
length,  propels  it  thiouj:h  the  water.  .This  force,  or  x,  is  equal  to 
F  cos  a,  and  will  evidently  be  larger  as  the  value  of  a.  is  smaller, 
or,  in  other  words,  as  the  towing-line  is  longer. 

It  follows,  from  what  has  been  said,  that  a  force  can  produce 
motion  in  any  direction  between  its  own  original  du-ection  and 
one  perpendicular  to  it.  It  cannot  produce  motion  in  a  direction 
perpendicular  to  itself,  because  a  force  can  never  be  resolved 
into  two  components  perpendicular  to  each  other,  one  of  which 
is  also  perpendicular  to  the  given  force. 

In  general,  when  the  point  of  application  is  made  to  move  in 
a  different  direction  from  that  of  the  force  applied  to  it,  the  effect 
of  this  force  is  determined  by  resolving  the  force  into  two  others : 
one  in  the  new  direction,  wliich  represents  the  effect  sought ;  the 
other  perpendicular  to  it,  which  is  destroyed  by  the  resistance  to 
the  motion  in  that  direction. 

(36.)  Composition  of  several  Forces  acting  in  different  Di- 
rections. —  The  course  of  reasoning  used  above,  in  regard  to 
the  composition  of  two  forces,  applies  equally  to  the  composi- 
tion of  any  number  of  forces  acting  on  the  same  point.  Hence, 
the  resultant  of  several  forces  can  be  found  in  the  same  way  as 
the  resultant  of  several  motions  (24).  Let  us  suppose,  for  ex- 
ample,  that   the   forces   acting  on  the   point    0   (Fig.   9)    are 


d  by  Google 


GEKERAL   PROPBRTIIB   OP   MATTEE. 


43 


represented  both  in  direction  and  amoiint  by  the  lines  O  A,  0  B, 
0  C,  and  0  D.  "We  can  find  tlicir  resultant  in  tlie  following 
manner.  We  first  seek  the  resultant,  O  r,  of  O  A  and  O  B. 
The  force  represented  by  this  line 
being  in  all  respects  equivalent  to 
its  two  components,  we  can  com- 
bine it  with  O  G  and  obtain  a  sec- 
ond resultant,  O  r'.  This  result- 
ant, combined  with  the  last  force, 
O  J),  will  give  us  the  final  resultant 
of  all  the  forces. 

The  trigonometrical  formulte  of 
(35)  can  easily  be  apphed  by  the 
student,  in  solving  pi-oblems  on  the  y\g.  a, 

composition  of  several  forces. 

(37.)  Composition  of  Parallel  Forces. — "We  will  consider,  in 
the  first  place,  the  case  where  there  are  but  two  parallel  forces, 
F'  and  F".  Let  A  and  B  (Figs.  10, 11)  be  the  points  of  appli- 
cation of  these  forces,  which  are  immovably  united.  Join  these 
points  by  the  line  A  B.  Draw  the  parallel  lines  A  P  and  B  Q, 
so  as  to  represent  the  direction  and  intensities  of  the  two  forces 
F'  and  F",  respectively.  In  Fig.  10,  the  forces  are  supposed  to 
act  in  the  same  direction,  and  in  Fig.  11  in  opposite  directions. 
The  figures  have  been  so  lettered,  that  the  following  demonstra- 
tion applies  equally  to  botli  cases.  We  wish  to  find  the  direc- 
tion, the  intensity,  and  tlie  point  of  application  of  a  single  force, 
F,  which  would  be  equivalent  to  the  two  forces  F'  and  F". 


Apply  to  the  points  A  and  B,  and  in  the  direction  of  the  line 
xmiting  them,  two  eqiial  and  opposite  forces,/'  and/",  which  wo 
mil  represent  by  drawing  A  S=f',  and  B  S=/".  As  these 
forces  exactly  balance  each  other,  they  cannot  change  the  ve- 
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locity  or  the  direction  of  the  motion  resulting  from  tlie  parallel 
forces  F'  and  F",  and  hence  will  not  affoet  our  demonstration. 
The  line  Ar,  found  by  completing  the  parallelogram  ASrP, 


evidently  represents  the  direction  and  intensity  of  tlie  resultant 
of  the  two  forces  F'  and  /',  and  the  line  B  t  the  direction  and 
intensity  of  the  resultant  of  the  two  forces  F"  and  /".  Produce 
these  lines  until  they  cross,  at  a  point  m.  Ey  (32)  it  follows 
that  tlie  effect  of  these  resultants  is  the  same  as  if  they  were  both 
applied  directly  to  the  point  m,  in  the  directions  m  A  and  m  B. 
We  can  now  decompose  each  of  these  resultants,  at  the  point  m, 
into  two  components  parallel,  and  hence  also  equal,  to  the  origi- 
nal forces  F'  and/',  F"  and/".  The  two  components  parallel 
and  equal  io  A  S  and  B  S  will  be  applied  to  the  point  m  in  op- 
posite directions ;  and  since,  by  construction,  A  S  is  equal  to 
B  S,  these  two  components  must  also  be  equal,  and  will  therefore 
neutralize  each  other.  The  two  components  parallel  and  equal 
to  .il  P  and  B  Q  will  also  both  be  applied  at  the  point  m.  In 
Fig.  10,  where  the  original  forces  were  in  the  same  direction,  the 
two  components  will  be  in  the  same  direction,  and  will  conspire 
to  move  the  point  m  in  the  direction  m  C.  In  Fig.  11,  where 
the  original  forces  were  in  opposite  directions,  the  two  compo- 
nents will  be  in  opposite  directions,  and  will  tend  to  move  the 
point  m  in  the  direction  of  the  greater  component  with  a  force 
equal  to  their  difference.  Hence,  the  final  resultant  will  be  a 
force  in  the  direction  vi  C,  parallel  to  the  original  forces,  in  the 
one  case  equal  to  their  sum,  and  in  the  other  to  their  difference. 
The  point  of  application  of  this  force  may  obviously  be  transferred 
to  the  point  C,  without  altering  the  conditions  of  its  action. 

To  find  the  position  of  the  point  C.  By  construction,  the  sides 
of  the  triangle  A  Pr  are  parallel  to  those  of  the  triangle  m  C A, 
and  likewise  the  sides  of  the  triangle  B  Q  i  are  parallel  to  those 
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of  tlie  triangle  m  C  B,  aud  hence  their  homologous  sides  are  pro- 
portional ;  so  tliat  wo  have  the  proportions, 

tQ:  BQ. 
and     B  Q=  F" ; 


A  C:m  C=rP:  A  P, 

and 

BC:aC 

We  hare,  by  construction, 

rP=AS  =  t  Q  =  BS=. 

/',     AP  =  P,     : 

hencG,  by  substitution, 

A  C:m  C=,f  :  F', 

and 

BG:m  C, 

mC=A  Cj,^BC^.- 

,     or 

ACXJ.\ 

AC:  BC  =  F"  :  F'.  [20,] 

Hence  it  appears  tliat,  wlien  tlio  two  forces  have  ilie  same  direc- 
tion, as  in  Pig.  10,  the  point  of  application,  C,  of  tlio  resultant 
force  divides  the  straight  line  A  B,  which  joins  the  points  of  ap- 
plication of  the  components,  into  two  parts,  which  are  inversely 
proportional  to  the  amounts  of  tlie  given  forces.  When,  on  the 
other  hand,  the  forces  are  in  opposite  directions,  as  in  Fig.  11, 
the  point  of  application  of  the  resultant  is  still  on  the  same  line, 
but  beyond  the  poiiit  of  application  of  the  larger  of  tlie  compo- 
nents, and  at  distances  from  the  points  A  and  B,  which  are,  as 
befoi-e,  inversely  proportional  to  tlio  intensities  of  the  two  forces. 
Our  general  result,  then,  is  the  following :  — 

I.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
the  same  direction.  1.  The  intensity  of  this  resuUcmt  is  equal 
to  tlte  sum  of  the  intensities  of  its  components.  2.  The  direc- 
tion is  the  same  as  the  common  direction  of  the  components. 
3.  The  point  of  application  divides  the  line  joining-  the  points  of 
application  of  the  components  inio  two  parts,  which  a^e  inversely 
proportional  to  the  intensities  of  the  forces. 

n.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
opposite  directions.  1.  The  intensity  of  this  resultant  is  equal 
to  the  difference  of  the  intensities  of  its  components.  2.  The 
direction  is  the  same  as  thai  of  the  larger  component.  3.  The 
point  of  application  is  on  the  line  joining  the  points  of  applica- 
tion of  the  components,  produced  beyond  the  point  of  applicaiion 
of  the  larger  of  the  two,  and  is  at  distances  from  these  points 
zvhich  are  inversely  proportional  to  the  intensities  of  the  given 
forces. 
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It  follows,  from  the  nature  of  a  resultant  force,  that  a  force 
applied  at  C,  i'igs.  10, 11,  which  is  equal  and  opposite  to  the  re- 
sultant of  the  two  forces  F  and  F',  ought  exactly  to  balance  this 
resultant.  This  obvious  ti'uth  will  enable  us  to  put  the  validity 
of  our  conclusions  to  the  test  of  experiment.  The  experiment 
naay  be  arranged  as  in  Fig.  12.  P  and  P'  are  two  points  at 
the  ends,  for  example,  of 
a  wooden  rod.  To  these 
points  are  attached  cords, 
which,  passing  over  the  two 
pulleys  M  and  M',  are  at- 
tached to  the  two  weights 
A  and  A'.  A  third  weight, 
R,  is  suspended  by  means 
of  a  looped  cord  to  the  rod, 
so  that  its  position  can  be 
easily  sliifted.  In  this  ex- 
periment the  weights  cor- 
respond to  the  forces  F'  and 
F"  of  Fig.  10,  while  the  cords  indicate  the  directions  in  which 
the  forces  act.  By  varying  the  amount  of  the  weights,  and  also 
the  position  of  the  weight  R  on  the  rod,  it  will  be  found  that 
equilibrium  can  be  maintained  only  when  the  conditions  above 
stated  are  fulfilled.  Thus,  if  the  weight  R  be  20  grammes, 
the  sum  of  the  weights  A  and  A'  must  also  bo  20  grammes.  If 
A'  is  equal  to  12  grammes,  then  A  must  equal  8,  and  the  position 
of  the  loop  ou  the  rod  must  be  such,  that  O  P'  shall  be  to  O  P 
as  8  is  to  12.  If,  then,  the  distance -PP'  ia  eqiial  to  20  cm., 
the  distance  P  0  will  be  12  c.  m.,  and  P'  0  will  be  8  c.  m. 

This  same  experiment  also  illustrates  the  ease  represented  in 
Fig.  11,  where  the  two  components  are  acting  in  opposite  direc- 
tions ;  for,  as  the  system  of  weights  is  in  equilibrium,  it  follows 
that  the  force  exerted  by  any  one  may  be  regarded  as  eqiial  in 
intensity  to  tlio  resultant  of  the  other  two ;  this  resultant,  how- 
ever, acting  in  the  opposite  direction  to  the  force  exerted  by  the 
weight.  Hence,  we  may  consider  the  forces  exerted  at  the  points 
O  and  P'  to  be  the  components  of  a  force  equal  to  that  exerted 
by  the  weight  at  P,  but  in  a  direction  opposite  to  PM.  Taking 
the  values  of  the  weights  when  the  system  is  in  equilibrium,  as 
given  above,  it  I's  evident  that  tlie  amount  of  the  resultant,  and 
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the  position  of  its  point  of  application,  S,  ave  the  same  as  would 
be  found  by  the  rule ;  for,  in  tlie  first  place,  the  weight  A  is 
equal  to  the  difference  of  the  two  weights  R  and  A',  and,  in  the 
second  place,  the  distances  P  O  and  P  P  are  inversely  propor- 
tional to  the  Talucs  of  the  two  weiglits  R  and  A. 

(38.)  Couples.  —  When  the  two  parallel  forces  arc  cscrtod  in 
opposite  directions,  tliere  is  one  set  of  conditions  which  presents 
a  case  of  peculiar  interest ;  and  tliat  is,  wlien  the  two  compo- 
nents are  equal.  In  tliis  case,  the  vahie  of  the  resultant  is  evi- 
dently equal  to  zero ;  and,  moreover,  the  point  of  application  is 
at  an  infinite  distance  from  the  points  of  application  of  tlie  two 
equal  components.  The  last  fact  follows  from  the  proportion 
[20] ,  AC:  B  G=  F"  :  F'.  Tliis,  by  the  theory  of  proportions, 
may  he  written, 

AC—  BC:  F"  —  F'  =  AC:  F"  =  B  C:  F'; 

or, substituting (seeFig.  11)  A Jf  =  yl(7—i;C,andP= J"'— F', 

A  B  :  F  =  A  G  :  F"  =  B  C  :  F'. 


AC: 


_ABX  F" 


and     B  C : 


ABX  F' 


[21.] 


Wlicn  tlie  two  components  are  equal,  the  resultant  F  =  0, 
and  both  the  distances  A  C  and  B  C  become  equal  to  infin- 
ity. In  this  ease,  therefore,  there  is  no  single  resultant,  and 
therefore  no  tendency  to  produce  in  a  body  any  progressive  mo- 
tion. Such  a  system  of  forces  is  termed  a  couple,  and  its  ten- 
dency is  to  make  the  body  rotate.  The  theoiy  of  couples  is  of 
great  importance  in  mechanics ;  but  as  we  shall  not  have  occasion 
to  apply  it  in  this  work,  we  shall  not  dwell  upon  it, 

(39.)  Composition  of  several  Parallel  Forces.  —  "VVe  can  evi- 
dently find  the  resultant  of  several  parallel  forces,  by  combining 
tliem  two  by  two,  as  in  the  case  of  forces 
acting  in  different  directions.  In  Fig. 
IS,  tlie  points  m,  in',  m",  and  in'"  are  the 
points  of  application  of  the  parallel 
foi-ces  F,  F',  F",  and  F'",  all  acting 
in  the  same  direction.  In  order  to  find 
a  common  resultant,  wo  first  combine 
F  with  F' ;  let  o  bo  the  point  of  appli- 
cation of  the  first  resultant,     "W'c  next 
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comLiiic  the  first  resultant  -with  F",  and  let  o'  be  the  point  of 
application  of  the  second  resultant.  Lastly,  we  combine  the 
second  resultant  with  F'",  and  we  shall  tl\en  find  a  final  result- 
ant of  all  the  forces.  This  is  eyidently  equal  in  amount  to  the 
sum  of  all  the  components,  and  its  point  of  application  will  be 
on  the  line  o'  in,'",  at  an  intermediate  position  between  the  two 
points,  which  may  he  determined  by  means  of  the  proportions 
given  above. 

Wlicre  all  the  parallel  components  are  not  in  the  same  direc- 
tion, we  combine  eacli  set  separately,  and  thus  obtain  two  partial 
resultants,  acting  in  opposite  directions.  If  these  are  equal,  we 
shall  have  a  couple,  and  no  final  resultant.  If  they  are  not 
equal,  we  can  find  a  resultant  by  the  method  already  described. 

(40.)  Centre  of  Parallel  Forces.  —  By  referring  to  Figs.  10, 
11,  and  the  demonstration  following,  it  will  be  seen  that  the 
position  of  the  point  C  does  not  depend  on  the  common  direction 
of  the  forces  represented  by  A  P  and  B  Q,  but  only  on  their  rel- 
ative intensities.  If  we  suppose  these  components  to  revolve 
round  their  points  of  application,  A  and  B,  the  resultant  will 
still  pass  through  C  in  any  position  they  may  assume,  provided 
only  that  tliey  remain  parallel.  Moreover,  it  will  be  seen  that 
the  point  of  application  of  the  resultant,  which  we  transferred  for 
convenience  from  m  to  (7,  may  be  at  any  point  on  the  line  of  its 
direction.  In  other  words,  it  is  not  fixed  by  the  conditions  of  the 
problem,  except  so  far  as  tliis,  that  it  must  be  on  the  line  m  C  R. 
It  follows,  then,  that  if,  in  the  system  of  parallel  forces  of  Fig,  13, 
we  suppose  the  components  to  revolve  about  their  pohits  of  ap- 
plication, tlieir  resultants  will  always  pass  through  the  point  G, 
provided  only  that  they  remain  paraUel.  In  Fig.  14,  all  the 
components  have  been  revolved  through  an  angle  equal  to 
P'  G  P.  The  direction  of  the  resultant 
has  changed  from  P'GioP  G,  but  it  still 
passes  through  the  point  G.  In  the  posi- 
tion of  the  components  represented  by 
Fig.  13,  the  point  of  application  may  be 
at  any  point  of  the  body  on  the  line  G  P 
which  corresponds  to  the  line  G  P'  of 
Fig.  14.  In  the  second  position  of  the 
components  in  Fig.  14,  it  may  be  at  any 
point  on  the  line  G  P.    Tlie  point  G,  in 
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which  all  the  successive  directions  of  the  resultant  intersect  when 
its  component  revolve  about  their  points  of  application,  is  called 
the  centre  of  parallel  forces.  It  follows,  from  this  definition, 
that  if  the  forces  remain  parallel,  and  their  points  of  appli- 
cation invariable,  this  system  of  points  may  be  turned  round 
the  centre  of  parallel  forces  -withoxit  changing  the  point  of  appli- 
cation of  the  resultant ;  so  that,  if  this  point  were  supported,  the 
system  would  remain  in  equilibrium  in  any  position  we  coiild 
give  it  in  turning  it  round  this  point. 

(41.)  Action  and  Reactim.  —  The  simplest  case  of  the  action 
of  one  body  upon  another,  is  when  a  body  in  motion,  which  we 
may  call  M,  strikes  upon  another  at  rest,  which  may  be  termed 
M'.  If  M'  is  free  to  move,  it  will  be  put  in  motion  by  the  action 
of  M,  and  in  any  ease  the  reaction  of  M\  in  retarding  M's.  mo- 
tion, will  be  precisely  equal  to  the  action  of  Jli"  in  communicating 
motion  to  M'.  This  principle,  which  is  a  necessary  result  of  the 
inertia  of  matter,  is  generally  expressed  thus  :  —  Action  and  re- 
action are  always  equal  and  opposite. 

The  changes  in  the  motion  and  in  the  moving  force  of  both 
bodies,  which  result  from  collision,  are  in  general  of  a  complicated 
kind,  and  depend  on  the  degree  of  elasticity  of  tlie  bodies,  their 
form,  m^s,  and  other  circumstances.  To  simplify  the  question, 
we  shall  consider  tlie  bodies  as  completely  devoid  of  elasticity, 
and  so  constituted  that  after  the  collision  they  shall  move,  as  one 
body.  Let  us  then  inquire  what  will  be  the  direction  and  velocity 
of  the  united  mass  after  the  impact. 

The  mass  M',  being  previously  at  rest,  can  have  no  motion 
save  what  it 'may  receive  from  the  mass  ilf,  and  consequently 
must  move  in  the  same  direction  as  tlie  mass  M  moved  in  before 
the  collision.  Again,  since  bodies  cannot  generate  or  destroy 
motion  in  themselves,  it  follows  that  whatever  motion  the  mass 
M'  may  acquire  must  be  lost  by  the  mass  M;  and  also,  that  the 
total  momentum  of  the  united  masses  after  the  collision  must  be 
exactly  equal  to  the  momentum  of  the  mass  M  before  it.  If  V 
and  b'  represent  the  velocities  before  and  after  impact,  then,  by 
(29),  Mb  and  (iW+  M'}  b'  represent  the  momentum  before 
and  after  impact ;  and  since  these  are  equal,  we  have 

Mb  =  (M-\-M'}b',    whence     b' =' b  j^-^j^,.      [22.] 

Let  us  next  suppose  that  the  two  bodies  are  both  moving,  and 
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in  tlie  samo  direction ;  the  m^s  M  with  a  velocity  ll,  anil  tho 
mass  M'  with  a  velocity  JJ',  less  than  i).  "What  will  be  the  com- 
mon velocity  after  impact  ?  The  momenta  of  the  two  bodies  are 
Mi)  and  M'  V'.  Since  these  motions  are  in  the  same  direction, 
they  cannot  be  either  diminished  or  increased  by  the  collis- 
ion, and  hence  the  momentum  of  the  united  bodies  will  be 
M  to  +  Jtf '  b'.  If,  then,  t)"  be  the  unknown  velocity  of  the 
united  masses,  we  have 
Mb  +  M'  b'  =  (i«"+ilf')  b",  and  ll"  =  ^M+'^^^^V.'.     [23.] 

Let  us  now  suppose  that  the  two  bodies  are  both  moving,  but 
in  opposite  directions,  and  that  the  momentum  of  M  is  greater 
than  that  of  M'.  On  tlieir  collision,  the  momentum  of  M'  wiil 
destroy  just  so  much  of  that  of  Mas  is  equal  to  its  own  amount ; 
for  it  is  evident  that  equal  and  opposite  momenta  must  destroy 
each  other.  The  momentum  left  after  collision  must,  therefore, 
equal  Mb  —  M'  b',  and,  using  b"  as  before,  we  shall  have 

Mb  —  M'b'  =  CM+M')b';   and   b''^"^—^-.    [24.] 

In  the  last  case,  as  in  the  first,  the  reaction  of  the  mass  M'  is 
equal  to  the  action  of  the  mass  M.  The  action  of  the  mass  M 
has  consisted,  first,  in  destroymg  the  momentum  of  M',  eqxial  to 
M'  b'  j  second,  in  giving  to  it  the  momentum  M'  b".  The  total 
action  is  therefore  expressed  by  M'  b'  +  M'  V".  The  reaction  of 
M'  has  consisted,  first,  in  destroying  a  portion  of  the  momentum 
of  M,  equal  to  M'  b' ;  and  second,  in  subtracting  from  the  re- 
mainder of  the  momentum  of  M  the  amount  which  it  has  after 
the  collision,  or  M'  b".  The  total  reaction  is  therefore,  as  before, 
M'  b'  +  M'  b". 

"We  will  now  suppose  that  the  two  masses  are  moving  in  differ- 
ent directions ;  M  in  the  direc- 
tion A  B,  Pig.  15,  with  a  velocity 
b,  and  M'  in  the  direction  A'  B', 
with  a  velocity  b'.  The  direc- 
tion of  the  motion  after  collision, 
and  the  momentum  of  the  united 
masses,  can  be  easily  ascertained 
by  the  application  of  the  prin- 
ciple of  the  parallelogram  of 
forces    already   explained  (33). 


d  by  Google 


GENERAL   PHOPBETIES   OP  MATTBE. 


51 


Let  tlie  distance  CD  represent  the  momentum  M  V,  and  the  dis- 
taiieo  C_D'  the  momentum  M'  b',  and  complete  the  parallelogram 
CD  ED'.  Dra'w  its  diagonal  CS.  This  dia^nal  will  then 
represent  the  direction  of  the  common  motion  and  the  momen- 
tum of  the  combined  masses,  which  is  equal  to  (ilf  -f-  M'")  b". 
To  find  the  velocity,  it  will  be  necessary  to  divide  the  number 
expressed  by  this  diagonal  by  the  sum  of  M  and  M', 

If,  in  the  first  case,  we  suppose  the  body  M',  at  rest,  to  be  in- 
finitely large,  as  compared  with  the  moving  mass  M,  then  the 
value  of  V'  [22]  becomes  0,  which  shows  that  the  whole  momen- 
tum is  destroyed.  This  is  practically  the  case  when  the  moving 
mass  impmges  against  a  fixed  obstacle,  which  is  either  very  much 
larger  than  itself,  or  which  is  firmly  fastened  to  the  earth.  The 
body  must,  however,  be  supposed  to  strike  the  surface  of  the  ob- 
stacle from  a  direction  at  right  angles  to  this  surface.  Should  it 
strilce  the  surface  at  an  oblique  angle,  we  may  have  a  diiferent 
result.  Let  us  suppose  an  unelastic  sphere  impinges  against  aji 
unyielding  surface,  D  B  C,  in  the 
direction  A  B,  wiUi  a  velocity  1) 
and  a  moraentum  M  b  ;  what 
would  be  the  result  ?  By  the 
principle  of  the  parallelogram  of 
force,  the  momentum  ilf  tl  is  equiv- 
alent to  two  others,  one  in  the  di- 
rection A  D,  and  the  other  in  the 
direction  J)  B.^    The  first  will  be 

destroyed  at  the  impact ;  but  tho  second,  which  is  equal  to 
M  b  cos  a,  will  give  the  sphere  a  motion  with  the  velocity  0  cos  a 
in  the  direction  £  C.  In  the  figure  the  surface  is  a  plane,  but 
the  demonstration  is  true  for  any  curved  surface  ;  in  such  cases, 
however,  the  plane  D  B  C  oi  the  figure  is  the  tangent  plane  to 
the  surface  at  the  point  of  contact. 

It  follows  from  the  above  discussion,  that  the  loss  of  mo- 
mentum in  a  mass,  M,  impinging  on  another  mass,  M',  is  always 
proportional  to  its  velocity.     In  the  first  case,  for  example,  the 

loss,  as  can  easily  be  deduced  from  [22] ,  is  equal  to  0  WZEW'"  * 

quantity  whose  value  is  evidently  proportional  to  that  of  11.  The 
same  truth  can  easily  be  established  in  all  the  other  cases. 

In  all  the  above  cases,  it  can  easily  be  shown  that  the  re- 
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action  of  the  body  M'  is  always  exactly  equal  and  opposite  to  tlie 
action  of  the  body  M.  The  same  is  also  true,  when  the  body  M 
acts  on  the  body  M'  through  the  forces  of  gravitation,  electri- 
city, magnetism,  etc.,  and  not  by  direct  impact.  A  needle,  for 
example,  attracts  a  magnet  with  exactly  the  same  force  with 
which  the  magnet  attracts  the  needle ;  and  were  both  free  to 
move,  the  magnet  would  move  towards  the  needle  as  well  as  the 
needle  towards  the  magnet.  It  is  also  true,  when  a  body  does  not 
strike,  but  merely  presses  against,  an  obstacle,  —  as,  for  example, 
when  a  weight  rests  on  a  table, — that  the  reaction  of  the  obstacle 
is  exactly  equal  to  the  pressure. 

(42.)  Power-,  or  Livitig  Force. — It  has  been  shown  (14),  that 
the  intensity  of  a  force  is  measured  by  ilf  o.  In  the  case  of  a  loco- 
motive, for  example,  Jlf  represents  the  whole  mass  of  the  locomo- 
tive and  train,  and  b  the  acceleration  of  velocity  imparted  by  tlie 
moving  force  each  second.  Were  the  motion  not  retarded  by 
friction  and  other  causes,  its  velocity  would  increase  indefinitely, 
according  to  the  laws  of  uniformly  accelerated  motion  already  de- 
scribed. In  fact,  however,  with  a  given  force,  F,  this  velocity  soon 
comes  to  a  maximum,  which  it  does  not  exceed ;  and  so  long  as  the 
force  and  the  resistance  do  not  vary,  the  train  moves  with  a  uni- 
form motion.  During  this  time  the  action  of  the  force  is  exactly 
balanced  by  tlie  resistance  arising  from  friction  and  other  causes, 
and  the  train  moves  in  virtue  of  the  momentum,  Mv,  previously 
acquired.  In  tiie  space  passed  over  by  the  train  each  second,  the 
counteracting  forces  just  neutralize  the  force  F,  exerted  by  the 
moving  agent  during  the  same  period.  It  might  now  be  supposed, 
that,  if  this  force  were  suddenly  quadrupled,  so  as  to  equal  4  F, 
the  velocity  would  again  increase  until  it  attained  to  four  times  its 
present  amount.  In  fact,  however,  its  velocity  rapidly  increases, 
but  only  to  twice  its  present  amount ;  and  tlien  it  is  found  that  the 
resistance  is  again  just  balanced  by  the  greater  force.  That  this 
must  be  the  case  can  be  seen  by  reflecting,  that,  with  a  double 
velocity,  the  moving  train  passes  over  double  the  space  each  sec- 
ond, and  therefore  encounters  twice  as  many  points  of  resistance. 
Moreover,  it  strikes  each  of  these  points  with  double  the  velocity, 
and  hence  meets  at  each  point  twice  the  resistance.  It  there- 
fore meets,  during  a  second,  twice  as  many  points  of  resist- 
ance, and  suffers  at  each  point  twice  as  much  resistance.  The 
resistance  during  a  second  is  thus  four  times  as  great  as  before, 
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and  must  require  four  times  as  much  force  to  overcome  it.  In 
order  to  obtain  three  times  the  velocity,  it  would  be  necessary  to 
increase  by  nine  times  the  force ;  and  in  general  the  force  re- 
quired win  he  proportional  to  the  square  of  the  velocity  to  be 
attained.  What  is  true  of  the  motion  of  a  train  of  cars  is  true 
also  of  the  motion  of  a  steamboat  through  the  water,  and  indeed 
of  any  motion  on  the  surface  of  the  earth,  since  all  such  motions 
encounter  resistance.  Hence,  the  work  accomplished  by  a  force 
is  proportional,  not  to  the  velocity,  but  to  the  square  of  the  ve- 
locity which  it  imparts  to  the  moving  body. 

The  space  passed  over  during  a  secomd  by  a  body  starting  from 
a  state  of  rest,  is  equal  to  ^  B  [5].  The  intensity  of  the  force 
which  has  moved  it  over  this  space  is  equal  to  ilif  »  The  product 
of  the  intensity  of  the  force  by  the  space  passed  (the  number  of 
points  at  which  it  has  acted),  represents  the  work  accomplished 
by  the  force.  This  product,  equal  to  i  M  v",  was  named  by 
Leibnitz  vis  viva,  or  living  force,  to  distinguish  it  from  force 
which  does  not  produce  motion,  but  only  pressure  ;  and  which  he 
named  dead  force.  A  discussion  was  excited  by  Leibnitz  on  this 
subject,  in  which  all  the  mathematicians  of  the  eighteenth  cen- 
tury took  part,  and  which  continued  for  more  than  forty  years ; — 
one  party  claiming,  with  Leibnitz,  that  force  was  proportional  to 
the  square  of  the  velocity ;  and  the  other,  that  itwaB  propor- 
tional to  the  smiple  velocity,  —  the  first  party  measuring  force 
by  the  vis  viva,  and  the  other  by  the  momentum.  As  not  unfre- 
qxiently  happens  in  such  cases,  both  pai-ties  were  right ;  and  their 
two  opinions  were  harmonized  by  introducing  the  element  of 
time.  For,  as  we  have  seen,  the  Hviiig'  force  represents,  not 
the  intensity  of  the  force  at  any  instant,  which  is  always  meas- 
ured by  Mi3,  but  the  work  which  the  force  will  accomplish  dur- 
ing a  second  of  time. 

It  represents,  in  other  words,  the  power  or  quantity  of  the  force, 
in  distinction  from  the  intensity  of  the  force.  The  intensity  of  a 
force  has  been  represented  by  F.  The  power  or  quantity  of  a 
force  may  be  denoted  by  P.     Hence, 

F=Mv,    and     P=iMv^.  [25.] 

The  word /orce  is  generally  used  in  a  restricted  sense,  as  in  (29), 
to  denote  only  the  intensity  of  any  effort,  the  quantity  of  the  force 
exerted  being  called  power.  These  terms  will  bo  adopted  with 
their  usual  sense  in  this  volume. 

5* 
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PROHLEMS. 


Note.    The  following  problems  should  be  Eolved  both  by  geometiicii.1 
Bfid  by  trigonometrj,  whenerer  both  methods  are  applicable. 

Measure  of  Force. 

25.  A  mass  of  maWer  equal  to  10  units  of  mass  receives  an  acceleration 
from  a  given  force  of  5  metres.     What  is  the  intensity  of  the  force  ? 

26.  A  mass  of  matter  equal  to  7  units  of  mass  receives  an  accelera^ 
tion  from  a  given  force  of  9.8  metres.     What  is  the  intensity  of  the 

27.  A  mass  of  matf«r  equal  to  15  units  of  mass  receives  an  accelera- 
tion from  a  given  force  of  1.654  mefree.     What  is  the  intensity  of  the 

28.  A  mass  of  matter  equal  to  20  units  of  mass  receives  an  accelera- 
tion from  a  given  force  of  26,3i3  metres.     What  is  t]ie  intensity  of  the 

Momentum. 

29.  A  railroad  trtuii  whose  mass  equals  1000  units  is  travelling  with 
a  velocity  of  50  kilometres  an  hour.  What  is  its  momentum  ?  How- 
many  units  of  foi-ce  would  be  required  to  stop  the  train  in  ten  minutes, 
supposing  the  moving  power  to  cease  acting  ? 

30.  A  vessel  whose  mass  equals  120,000  units  is  moving  with  a  ve- 
locity of  2.25  meti-es.  What  is  its  momentum  ?  How  many  units  of 
force  would  be  required  to  stop  it  in  five  minutes,  supposing  the  moving 
power  to  cease  acting?  If  tlie  resistance  of  fbe  water  and  other  causes 
of  retardation  are  equivalent,  on  an  average,  to  a  force  of  900  units,  how 
soon  would  the  vessel  come  to  rest  after  the  moving  power  ceased? 

Composition  of  Forces. 

31.  Three  forces  are  acting  on  a  point  in  the  direction  A  B,  equal  re- 
spectively to  20,  35,  and  70  units.  In  the  opposite  direction,  B  A,  are 
acting  four  forces,  equal  respectively  to  10,  45,  15,  and  30  units.  What 
is  the  intensity,  and  what  the  direction,  of  the  resultant  ? 

32.  A  force  equal  to  1000  units  is  acting  on  a  point  in  the  direction 
BA.  What  is  the  intensity  of  each  of  two  components,  which  are  to 
each  other  as  3:5,  and  both  of  which  are  acting  in  the  same  direction  as 
the  resultant  ?  What  is  the  intensity  of  each  of  two  components,  one  of 
which  acta  in  the  direction  of  the  resultant  and  the  other  in  an  opposite 
direction,  and  which  are  to  each  other  in  the  relation  of  3  :  5  ? 

33.  It  is  required  to  resolve  a  force  equal  to  441  units  into  six  compo- 
nents, in  the  same  direction  as  the  resultant,  whose  intensities  ahaU  be  to 
each  other  as  1  :  2  :  2*  :  2^  :  2^  :  2*. 

34.  It  is  required  to  resolve  a  force  equal  to  44  units  into  six  compo- 
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nents.  Three  of  these,  which  have  the  same  direction  as  the  resultant, 
are  to  each  oUier  as  1  :  3  :  5 ;  while  the  three  others,  which  have  an  op- 
posite direction,  are  to  eaeh  other  as  1  :  2  :  3.  Moreover,  the  sum  of  the 
&st  is  5,4  limes  greater  than  the  sum  of  the  last. 

35,  Two  forces  are  acting  at  right  angles  to  each  other  on  one  point. 
The  force  Ji"  =  5  units,  and  tie  force  F"  =  5  \A3  units.  "What  is 
the  intensity  of  the  resultant?  and  what  is  the  angle  which  its  direction 
makes  with  the  direction  of  F'  ? 

36.  Two  forces  acting  at  right  angles  on  one  point  are  equal,  F'  to  3 
units,  and  F"  to  4  uniia.  "Wimt  is  the  intensity  of  the  resultant  ?  and 
what  is  the  angle  which  its  direction  makes  with  the  direction  of  F'  ? 

87.  It  is  required  to  resolve  a  force,  F  =  100  units,  into  two  compo- 
nents, F'  and  F",  mating  with  F  the  angles  65°  and  25°  respectively. 
What  must  be  their  intensities  ? 

38.  It  is  required  to  resolve  a  force,  F  =  100  units,  into  two  compo- 
nents at  right  angles  to  each  other,  one  of  which  which  shall  he  equal  to 
30  units,  "What  must  he  the  value  of  the  second  component?  and  what 
the  values  of  the  angles  which  hoth  components  make  with  the  resultant  ? 

39,  Two  forces,  each  equal  to  100  units,  act  on  one  point.  The  angle 
made  by  the  directions  of  the  two  forces  equals  45°,  What  is  the  value 
of  the  resultant  ? 

40.  The  directions  of  two  forces,  F'  =  100  and  F"  =  50,  acting  on 
one  point,  mate  an  angle  of  145°.  "WTiat  is  the  value  of  the  resultant 
jP?  and  what  are  the  angles  which  F  mates  with  F'  aiid  F"l 

41,  It  is  required  to  decompose  a  force,  F  =  125,  into  two  compo- 
nents, the  direction  of  each  of  which  shall  mate,  with  the  direction  of  F, 
an  angle  of  25°.     "What  wUl  be  the  value  of  each  component? 

42,  It  is  required  to  resolve  a  force,  F  =  100,  into  two  components, 
F'  and  F",  whose  direction  shall  make,  with  the  direction  of  ^,  the  an- 
gles of  10°  and  20°  respectively.  What  will  be  the  value  of  each  com- 
ponent ? 

43.  Five  forces,  whose  directions  are  in  the  same  plane,  act  on  one 
poiat  The  intensities  of  the  forces,  and  the  angles  which  their  directions 
make  with  a  fixed  direction  passing  through  the  point  of  application  in 
the  same  plane,  are  given  in  the  following  table ;  — 

"'90  50° 


What  is  the  intensity  of  the  resultant  ?  and  what  v 
direction  makes  with  the  fixed  direction  ? 
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44.  The  foi-oe  F  =  100  is  resolTed  into  two  components,  F'  ^  100 
afld  F"  =  150.  What  are  the  angles  which  the  directions  of  these  com- 
ponents make  with  the  direction  o{  F? 

45.  At  the  extremities  of  a  straight  line  44  c.  m.  long,  two  parallel 
forces,  F'  =  15  and  F"  =  7,  are  acting  in  the  same  direction.  What 
is  the  intensity  of  the  resultant?  and  what  is  liie  position  of  the  centre  of 
the  two  forces  ? 

46.  At  the  extremities  of  a  straight  line  12  cm.  long,  two  parallel 
forces,  F'  =  19  and  F"  ==  13,  are  acting  in  opposite  dii-ections.  What 
is  llie  intensity  of  the  resultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

Aciion  and  Reaction. 

47.  A  mass  Jf=  20  units,  moving  witli  a  velocity  of  5  m.,  meets 
a  second  mass  M'  —  15  units,  which  is  at  rest  What  will  be  the  ve- 
locity of  the  combined  masses  after  collision  ?  In  (his  and  in  the  few 
succeeding  problems  the  masses  are  supposed  to  be  unelastic,  and  so 
constituted  that  after  the  collision  they  will  move  on  together  as  one 
body. 

48.  A  mass  M  '^  500  units,  moving  witli  a  velocity  of  15  m,,  meets 
another  mass  M'  ^  50  units,  moving  with  a  velocity  of  10  m.  in  the 
same  direction.  What  will  be  the  velocity  of  the  combined  masses 
after  the  collision  ? 

49.  A  mass  M=^  250  units,  moving  with  a  velocity  of  20  m.,  meets 
another  mass  JHf  ^  300  units,  moving  with  a  velocity  of  2  m.  in  the  op- 
posite direction.  What  will  be  the  velocity  of  the  combined  masses  atier 
the  collision  ? 

50.  A  mass  M  =-  25  units,  moving  with  a  velocity  of  5  m.,  meets  an- 
other mass  M'  — '  30  units,  moving  with  a  velocity  of  2  m.  Thf  direc- 
tions of  the  two  motions  before  collision  make  with  eacli  other  an 
angle  of  75°,  What  will  be  the  velocity  of  the  combined  masses 
after  the  collision  ?  and  what  wUI  be  the  angle  made  bv  the  direction 
of  the  resulting  motion  Vtith  the  directions  of  the  tno  motions  before 
collision  ? 

GRAVITATION. 

(43.)  Definition.  — When  bodies  near  the  surface  of  the  earth 
are  left  unsupported,  they  fall  to  the  ground  ;  or,  if  supported, 
they  exert  a  dowinft-ard  pressure,  which  wc  term  their  weight. 
The  cause  of  these  phenomena  is  called  the  force  of  gravity. 
This  force  is  the  attraction  which  the  earth  exercises  iipon  all 
hodies  on  or  near  its  surface,  and  is  only  a  particular  case  of  a 
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general  force  of  nature,  in  virtue  of  'wliich  all  bodies  in  the  uni- 
verse attract  each  other,  -with  a  force  depending  on  tlieir  masses 
and  their  mutual  distances.  Astronomy  exhibits  the  grandest 
examples  of  tliis  force,  in  the  motions  of  the  heavenly  bodies  ;  but 
it  can  also  be  shown  that  the  same  force  acta  upon  the  smallest 
masses  of  matter  i^ith  which  we  experiment  on  the  surface  of  tlie 
globe.  The  existence  of  this  force  of  attraction  between  the  heav- 
enly bodies  was  first  recognized  by  Newton,  who  discovered  the 
law  which  it  obeys,  and  gave  to  it  the  name  of  Universal  Gravi- 
tation. In  this  work,  we  sliall  only  have  occasion  to  study  those 
phenomena  of  gravitation  which  are  caused  by  the  attraction 
which  tlie  earth  exerts  for  bodies  on  or  near  its  surface.  Let  us 
then  inquire  what  is  the  direction,  what  the  point  of  application, 
and  what  the  intensity  of  this  force.     Compare  (26). 

(44.)  Direction  of  the  Earth's  Attraction.  —  It  has  been 
stated  (27),  that  the  direction  of  a  force  is  the  direction  of  the 
motion  which  it  causes,  or  tlie  direction  of  the  pressure  which  it 
exei-ts.  When  bodies  fall  freely,  they  move  on  a  line  which,  if 
extended,  would  pass  through  a  variable  point  near  the  centre 
of  the  globe,  called  its  centre  of  gravity.  Hence,  the  direction 
of  the  force  of  gravitation  is  that  of  a  line  joining  the  centre 
of  gravity  of  the  earth  to  the  point  of  application  of  the  body. 
This  direction  is  given  by  a  plumb-Une,  which  is  merely  a  small 
weight,  generally  of  lead,  suspended  by  a  light 
and  flexible  thread  (Fig.  17).  When  the  weight 
thus  freely  suspended  is  at  rest,  it  is  easy  to  show 
that  the  pressure  exerted  by  the  force 
of  gravitation  is  in  the  direction  of 
the  line.  In  Fig.  18,  for  example, 
this  pressure  must  be  in  the  dircc^ 
tion  A  C.  To  prove  this,  suppose  for 
a  moment  the  force  exerting  the  pres- 
sure were  in  any  other  direction,  as 
A  B  ;  then  the  force  in  the  direction 
^'^'^''  AB  could  be  decomposed  into  two 

components,  one  in  the  direction  A  C,  which  would 
be  neutralized  by  the  resistance  of  the  point  of 
suspension,  the  other  in  the  direction  A  D,  which 
would  cause  motion.  As  by  supposition  the  weight 
is  at  rest,  it  follows  that  the  direction  of  the  pressure,  and  hence 
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also  the  direction  of  tlie  force  of  gravitation,  iuust  be  that  of  tlio 
plumb-line. 

If  several  plumb-lines  be  placed  near  eacb  other,  it  will  be 
found  that  the  lines  when  at  rest  will  all  be  sensibly  parallel  to 
each  other ;  because  their  distances  apart  are  inconsiderable  in 
comparison  with  the  length  of  tlie  radius  of  the  earth.  Hence 
tlie  directions  of  the  forces  of  grayity  exerted  by  the  earth  ou 
neighboring  bodies  are  parallel.  The  direction  of  the  plumb- 
line  at  any  place  is  called  the  vertical  direction,  and  the  di- 
rection perpendicular  to  tliis  the  horizontal  direction.  The 
surface  of  a  liquid  at  rest,  as  will  be  proved  hereafter,  is  always 
horizontal,  and  therefore  perpendicular  to  the  plumb-Une. 

(45.)  Point  of  Application  of  the  Earth's  Attraction.  —  As 
every  particle  of  a  body  is  similarly  situated  towards  the  earth,  it 
follows  that  every  particle  must  be  equally  attracted,  and  that 
there  must  be  as  many  points  of  application  as  there  are  parti- 
cles of  the  body.  The  action  of  the  earth's  attraction  may  there- 
fore be  regarded  as  tlie  action  of  an  infinite  number  of  parallel 
and  equal  forces  on  as  many  distinct  points  of  application.  The 
resultant  of  these  forces  can  be  easily  found  by  extending  the 
method,  discussed  in  (39),  of  finding  the  resultant  of  several 
parallel  forces,  to  the  case  where  the  number  of  forces  is  infinite. 
As  the  general  conclusions  of  (39)  are  independent  of  the  num- 
ber of  parallel  forces,  it  follows  that  the  direction  of  the  result- 
ant of  the  forces  of  gravity,  acting  on  the  particles  of  a  body,  is 
parallel  to  the  common  direction  of  the  forces,  and  also  that  the 
uitensity  of  the  resultant  is  equal  to  the  sum  of  the  intensities  of 
the  components. 

If,  for  example,  A  B  (Pig.  19)  represents  a  mass  of  matter, 
and  the  small  arrows  pointing  vertically  downwards  represent 
the  directions  of  the  gravitating  forces  acting  on  the  particles  com- 
posing such  mass,  then  it  follows,  from  what  has  been  explauied, 
that  the  resultant  of  all  these  forces  will  have  a  direction,  D  E, 
parallel  to  their  common  direction,  and  will  have  an  intensity 
equal  to  their  sum.  The  position  of  this  resultant  remams  yet  to 
be  determined.  The  principles  of  mathematics  enable  us,  in  many 
cases,  to  combine  together  the  forces  acting  on  all  the  particles 
of  a  body,  by  extending  the  method  used  in  (39),  Pig.  13,  and 
thus  to  calculate  the  exact  position  of  the  resultant ;  but  its  posi- 
tion can  in  most  cases  be  determined  more  readily  by  experi- 
ment. 
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If,  in  Fig,  19,  we  suppose  that  the  line  represented  by  tlie  large 
arrow  is  tiie  direction  of  the  resultant,  it  is  evident  tliat,  if  aiiy 
point,  such  as  C,  on  that  line,  is  supported  the 
body  "will  remain  at  rest ;  because  the  lesultant 
of  all  the  forces  acting  upon  the  body  having  thi, 
direction.  D  E,  will  be  expended  in  pressuic  o  i 
the  fixed  point  C.  It  is  not  essential  tliat  tlio 
point  of  support  should  be  in  the  body,  foi  thi^ 
same  would  be  true  for  any  point  in  the  diiuc 
tion  of  the  arrow  D  E.  If,  for  example,  Z>  weic 
a  pin,  from  which  the  body  was  suspended  b\ 
a  thread  attached  to  the  body  at  any  point  in  th 
line  D  C,  then  the  body  would  still  rpmiin  at  r  5  ''^ 

rest ;  for,  as  before,  the  resultant  having  the  direction  D  E  would 
be  expended  in  pressure  on  the  pin  at  D.  It  would  be  different, 
howerer,  with  a  point  of  support  not  in  the  direction  of  the  arrow, 
'  such  as  P.  If  the  body  be  connected  with  this  point  by  a  string 
attached  at  C,  it  will  no  longer  remain  at  rest ;  for  the  resultant 
D  E,  acting  at  the  point  C,  can  be  decomposed  into  two  compo- 
nents,—  the  first  in  the  direction  of  CiZ',  which  would  be  ex- 
pended in  pressure  on  the  point  P,  and  the  second  in  the  direction 
CI,  which  would  move  the  body  towards  the  vertical  line.  It 
follows,  therefore,  that,  if  a  body  be  supported  by  a  fixed  point, 
it  cannot  remain  at  rest,  unless  the  resultant  of  all  the  parallel 
forces  which  gravity  exerts  upon  its  particles  passes  through  that 
point. 

This  fact  gives  us  the  means  of  ascertaining  experimentally 
the  position  of  the  resultant  of  the  parallel  forces  which  gravity 
exerts  upon  the  particles  of  a  body.  We  have 
only  to  suspend  it  by  a  string  attached  to  any 
point  of  the  body,  and  the  direction  which  the 
string  assumes  will  be  the  direction  of  the  re- 
sultant of  the  forces  of  gravity  when  the  body 
is  in  that  position.  In  Fig.  20,  for  example,  the 
resultant  of  the  forces  which  gravity  exerts  ujion 
the  particles  of  the  chair  ia  the  line  A  B,  when 
the  chair  is  in  the  position  represented  m  the 
ligure.  If  we  attach  the  string  to  another 
point,  the  chair  will  take  another  position  and 
the  resultant  will  also  change  its  position  to  the 
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line  CD,  Fig.  21.     We  should  fmd,  by  experimeat,   that   for 
every  point  of  suspension  there  would  be  a  different  position  of 
the  chair,  and  also  a  different  position  of 
the  resultant. 

When,  in  any  given  position  of  a  body, 
■we  have  determined  the  position  of  the 
resultant  of  the  forces  of  gravity,  we  have 
also  determined  a  line  on  which  the  point 
of  application  of  the  earth's  attraction  must 
be ;  because,  by  (32),  this  point  may  be 
any  point  on  the  line  of  the  resultant.  The 
position  of  the  line,  however,  will  depend 
on  the  position  of  the  body  ;  and  there- 
fore, in  order  to  determine  it,  the  position 
"■^  "  of  the  body  must  he  given. 

(46.)  Centre  of  Gravity.  —  When  a  body  is  turned  round  in 
any  direction,  it  is  easy  to  see  that  the  lines  of  direction  of  the  par-  ■ 
allel  forces,  which  gravity  exerts  on  its  particles,  revolve  about 
their  points  of  application,  retaining  their  parallelism.  Hence  it 
foUows,  from  (40),  that,  in  any  position  which  the  body  may  as- 
sume, the  resultant  of  these  forces  will  always  pass  through  the 
same  point.  This  common  point  of  intersection  of  the  resultants 
of  the  forces  of  gravity,  in  any  position  which  the  body  may  as- 
sume, is  termed  the  centre  of  gravity.  This  point  has  several 
important  relations,  which  we  will  now  consider. 

The  centre  of  gravity  may  always  be  regarded  as  the  point 
of  application  of  the  resultant  of  the  forces  which  gravity  exerts 
upon  the  particles  of  a  body,  because  it  has  been  proved,  first, 
that  the  point  of  application  may  be  any  point  on  the  line  of  the 
resultant ;  secondly,  that  the  centre  of  gravity  is  a  point  common 
to  all  tlie  resultants. 

When  the  centre  of  gravity  is  supported,  the  body  remains  at 
rest.  If  the  centre  of  gravity  be  supported  on  a  point  or  axis, 
and  the  body  is  free  to  turn  round  such  axis,  the  body  will  re- 
main at  rest  in  any  position  in  which  it  can  be  placed.  This 
result  follows  necessarily  from  the  last ;  for,  as  the  point  of  appli- 
cation of  the  resultant  is  fixed,  the  whole  intensity  of  the  forces 
of  gravity  must  be  expended  in  pressure  against  this  point. 

The  whole  attractive  force  exerted  by  a  mass  of  matter  may 
be  regarded  as  emanating  from  its  centre  of  gravity.     The  prin- 
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ciple,  that  action  and  reaction  are  always  equal  and  opposite, 
applies  to  the  attraction  of  gravity  exerted  by  one  mass  of  matter 
over  anotlier.  The  earth  is  attracted,  by  a  body  near  its  surface, 
with  a  force  exactly  equal  to  the  attraction  exerted  by  the  earth 
on  this  body.  Now,  since  the  atti-action  of  the  body  in\ist  be 
equal  and  opposite  to  t}iat  of  the  earth,  it  follows  that  the  re- 
sultant of  the  force  must  be  on  the  same  line  with  the  centi'e  of 
gravity,  and  hence  may  always  be  regarded  as  emanating  from 
it.  Hence,  also,  the  attraction  of  the  earth  may  be  regai-ded  as 
emanating  from  its  centre  of  gravity,  which  is  not,  however,  the 
same  as  the  centre  of  its  figure,  and,  moreover,  it  is  variable. 

A  singular  result  follows  from  the  principle  of  reaction  above 
stated,  since  it  must  be,  when  a  body  falls  to  the  ground,  that 
the  earth  must  rise  to  meet  tlie  body,  —  and  this  is  true  ;  but  the 
extent  of  the  motion  of  the  earth  is  as  much  less  than  that  of 
the  body,  as  the  mass  of  the  earth  is  greater  than  the  mass  of  the 
body.  Representing  by  m  the  mass  of  the  body,  we  have  for  the 
intensity  of  the  earth's  attraction  m  v  ;  and  represesiting  by  M 
the  mass  of  the  earth,  we  have  for  the  intensity  of  the  body's  at- 
traction for  the  earth  M  v' ;  and  since  these  are  equal,  we  have 

mti  ^  Mv',     or     tt'  ■.■V  =  m  :  M; 

that  is,  the  velocity  acquired  by  the  earth  at  the  end  of  one  sec- 
ond is  as  much  less  than  tliat  acquired  by  the  body,  as  the  mass 
of  the  body  is  less  than  that  of  the  earth. 

(47.)  Position  of  the  Centre  of  Gravity.  —  For  the  methods 
of  calculating  the  position  of  the  centre  of  gravity,  we  must  refer 
the  student  to  works  on  Mechanics,  since  these  methods  depend 
on  the  principles  of  the  higher  mathematics.  The  position  of 
the  centre  of  gravity  can  be  found  experimentally  by  suspending 
the  body  by  a  cord  from  two  points  successively,  as  represented 
in  Figs,  20,  21.  The  point  where  the  line  of  the  cord  produced 
in  one  position  intersects  the  line  of  the  cord  produced  in  the 
second,  is,  by  (46),  tlie  centre  of  gravity.  It  can  thus  be  proved, 
that,  when  a  homogeneous  body  has  a  regular  form,  the  centre  of 
gravity  is  at  the  centre  of  the  figure.  This  is  the  case  with  the 
sphere,  the  cube,  the  octahedron,  and  the  other  regular  solids  of 
geometry.  So  also,  when  a  homogeneous  body  has  a  symmetrical 
axis,  the  centre  of  gravity  will  be  a  point  of  this  axis.  Thus,  in 
a  cone,  the  centre  of  gravity  is  in  the  axis  of  the  cone,  and  it  can 
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easily  be  seen  that,  if  a  cone  be  suspended  by  a  string  from  its 
apex,  the  direction  of  the  line  of  suspension  would  coincide  with 
the  direction  of  the  axis  of  the  cone  ;  because,  as  the  matter  is 
uniformly  distributed  round  tliis  axis,  the  gravity  of  its  particles, 
acting  equally  on  every  side,  ■will  liave  no  tendency  to  move  it 
when  in  this  position. 

The  centre  of  gravity  is  not  necessarily  in  the  body.  Thus, 
the  centre  of  gravity  of  a  hoop  is  at  its  centre,  and  tlie  cen- 
tre of  gravity  of  a  hoUoiv  sphere,  an  empty  box,  or  a  cask,  is 
within  it. 

The  centre  of  gravity  of  two  separate  and  independent  bodies 
immovably  united  is  a  point  between  tliem.  This  point  can  be 
very  easily  determined  mathematically,  from  principles  ah-eady 
established. 

Let  A  and  B,  Fig.  22,  be  the  two  bodies,  and  let  a  and  b  be  their 
centres  of  gravity.  Connect  the  two  by  a  line.  From  what  has 
been  said,  it  follows  that  the 
attraction  of  the  earth  on  this 
system  may  be  regarded  as  the 
action  of  two  parallel  forces  at 
a  and  b.  Hence,  the  point  of 
application  of  the  resultant,  the 
centre  of  gravity  of  the  system,  must  be  on  the  line  a  b,  and 
must  divide  the  line  into  two  parts,  which  are  inversely  pro- 
portional to  the  intensities  of  the  forces.  It  will  be  shown  in 
(49)  that  the  two  forces  are  proportional  to  the  masses,  and 
hence  the  centre  of  gravity  must  divide  the  line  a  b  into  two 
parts  which  are  invereely  proportional  to  the  masses  of  the  two 
bodies  A  and  B. 

(48.)  Slabk,  Unstable,  and  Neutral  Equilibrium.  —  It  is  a 
necessary  consequence  of  what  has  been  said,  that  tlie  centre  of 
gravity  of  a  body  has  always  a  tendency  to  move  into  the  lowest 
position  of  which  the  conditions  will  admit.  Hence,  if  tlie  body 
is  supported  at  only  one  point,  it  cannot  remain  at  rest,  unless 
this  point  of  support  is  either  at  the  centre  of  gravity  or  is  in  the 
same  vertical  with  it.  If  the  centre  of  gravity  is  below  the 
point  of  support,  the  body  is  in  a  stable  equilibrium ;  because, 
if  by  any  means  the  centre  is  displaced,  the  force  of  gravity  will 
tend  to  restore  it  to  its  original  position.  If,  however,  the  centre 
of  gravity  is  above  the  point  of  support,  the  body  will  be  iu  an 
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unstable  equilibrium ;  for  the  slightest  displacement  ^'ill  remove 
the  centre  out  of  tlie  vertical,  aiid  it  will  then  move  to  the  lowest 
possible  position.  The  chair  suspended  by  a  string  in  Fig.  20  is 
in  a  stable  equilibrium,  because  the  centre  of  gravity  is  below 
the  point  of  support.  The  same  chair  could,  with  great  care,  be 
balanced  on  the  end  of  one  of  its  legs,  but  its  equilibrium  would 
then  be  unstable ;  because  the  centre  of  gravity  would  be  above 
the  point  of  support,  and  the  slightest  displacement  of  the  centre 
of  gravity  would  cause  the  chair  to  fall. 

When  a  body  rests  on  a  base,  it  is  stable,  when  the  vertical 
passing  through  the  centre  of  gravity  falls  witliin  the  base.  The 
stability  of  the  body  in  such  a  position  is  estimated  by  the  mag- 
nitude of  the  force  required  to  overturn  it.  If  its  position  can 
be  disturbed  or  deranged  without  raising  its  centre  of  gra-i'ity, 
the  shghtest  force  will  be  sufficient  to  move  it ;  but  if  its  position 
cannot  be  changed  without  causing  its  centre  of  gravity  to  rise 
ia  a  higher  position,  then  a  force  will  be  required  which  wo\ild  be 
sufficient  to  raise  the  entire  body  through  the  height  to  which  its 
centre  of  gravity  must  be  elevated.  This  is  illustrated  in  I"igs. 
23,  24,  25.     To  turn  the  cylinder  over  the  edge  B,  it  would  be 


necessary  in  either  case  to  move  the  centre  of  gravity,  G,  over 
the  arc  G  E,  and  hence  to  raise  it  through  the  height  HE. 
This  distance  is  greater,  and  hence  the  force  required  to  over- 
turn the  cylinder  is  greater,  the  larger  the  base  of  the  cylinder 
relatively  to  its  height.  It  can  also  easily  be  seen  that  the  sta- 
bility is  greatest  when  the  vertical,  passing  through  the  centre  of 
gravity,  passes  also  through  the  centre  of  tiio  base.     If  it  passes 
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through  the  cdgo  of  the  base,  as  in  Fig.  26,  tho  slightost  force 
will  overturn  it.     If  it  passes  ontside  of  tlie  base  (Fig-  27),  then 


the  centre  will  be  unsupported,  and  the  cylinder  will  fall.  Tliese 
principles,  which  have  been  illustrated  by  a  cylinder,  may  be 
readily  extended  to  other  bodies. 

When  a  body  rests  on  two  or  more  points,  it  is  not  necessary 
for  its  stability  that  its  centre  of  gravity  should  be  directly 
over  one  of  these  points ;  it  is  only  necessary  that  its  vertical 
should  fall  between  them.  If  a  body  rests  on  two  points,  it 
is  supported  as  effectually  as  if  it  rested  on  an  edge  coinciding 
with  the  straight  line  which  unites  the  two.  If  it  rests  on  three 
poiiits,  it  is  supported  as  firmly  as  it  would  be  by  a  triangular 
base  coinciding  witli  the  triangle  of  which  tho  three  points  are 
vertices, 

A  familiar  condition  of  equilibrium  is  presented  by  a  sphere 
resting  on  a  level  plane.  Such  a  sphere  has  but  one  point  of 
support,  and  this  is  directly  under  the  centre  of  gravity.  If  the 
sphere  is  rolled  upon  the  plane,  the  centre  of  gravity  will  neither 
rise  nor  fall.  Hence  any  force,  however  slight,  will  cause  it  to 
move  ;  and,  on  the  other  hand,  the  body  will  have  no  tendency, 
of  itself,  to  change  its  position  when  it  is  disturbed.  This  condi- 
tion is  called  neutral  equilibrium.  A.  cylinder  resting  with  its 
edge  on  a  plane  aud  level  surface  is  anotlier  example  of  neutral 
equilibrium. 

(49.)  Intensity  of  the  Earth's  Attraction.  —  The  falling  of  a 
stone  to  the  earth  is,  as  has  been  stated  (21),  an  example  of  a 
uniformly  accelerated  motion.     Hence,  the  force  of  gravitation 
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must  bo  a  force  f  ta  t  tensity  (27),  The  amount  of  ae- 
ccloratiou,  as  w  al  t  t  1  (21),  at  the  latitude  of  Paris,  is 
n  =  9.8088  met  Tl      a      leration  is  the  same  for  all  masses 

of  matter,  whetl      1  n  all.     The  apparent  contradiction 

to  this  statement  mm  n      pcrieuce  arises  from  the  fact,  that 

tlie  fall  of  light  b  d  n        retarded  by  the  resistance  of  the 

air  than  that  of  1  y  b  d  If,  however,  tlie  experiment  is 
made  in  a  vacuum,  it  will  be  found  that  a  gold  eagle  and  a  feather 
will  fall  with  equal  rapidity.  The  intensity  of  a  force  is,  as  we 
have  seen,  equal  to  Mo.  Eepresenting  the  intensity  of  tlic  force 
of  gravity,  which  acts  on  a  given  mass  of  matter,  ill,  by  G,  we 
shall  have,  for  tlie  latitude  of  Paris, 

G  =  M  9.8088  (units  of  force).  [26.] 

For  any  other  mass  of  matter,  M',  we  shall  have,  in  the  same 
way, 

G'  =  M'  9.8088  (units  of  force). 
Hence, 

G:  G'^M:  M'.  [27.] 

The  intensity  of  the  earth's  attraction  is  therefore  proportional 
to  the  quantity  of  matter  on  which  it  acts.  In  other  words,  the 
force  increases  with  the  quantity  of  matter  to  which  it  is  applied. 
In  this  respect  gravity  differs  from  many  other  forces  with  which 
we  are  familiar,  from  muscular  force  and  the  force  of  a  steam- 
engine,  for  example,  since  these  liave  a  constant  value,  and  do  not 
vary  with  the  amount  of  matter  to  which  they  are  applied. 

We  assumed  (45)  that  the  earth's  attraction  acts  eqtially  on 
every  particle  of  matter.  If  this  is  true,  it  follows  tiiat  the  re- 
sultants of  all  the  forces  of  gravity  acting  on  the  separate  parti- 
cles of  two  bodies  must  bo  proportional  to  the  number  of  par- 
ticles in  each;  in  other  words,  to  the  masses  of  the  two  bodies. 
That  this  is  the  case,  is  proved  by  the  esperiraent  on  falling 
bodies  alluded  to  above,  and  by  the  proportion  [27]  which  fol- 
lowed.    Hence  the  assumption  of  (45)  was  correct. 

As  the  intensity  of  the  force  of  gravity  varies  with  the  amount 
of  matter  on  which  it  acts,  we  must,  in  estimating  the  strength 
of  tliis  force  in  different  places,  always  compare  the  intensities 
of  the  force  when  acting  on  equal  masses  of  matter.  It  simpli- 
fies tho  subject,  to  take  a  quantity  of  matter  equal  to  the  unit  of 
mass  in  each  case.     Representing  then  by  g-  the  intensity  of  the 


d  by  Google 


G8  CHESIICAL  PHYSICS. 

attraction  of  graTitatiou  for  the  iiiiit  of  mass,  we  can  oasilj  de- 
duce from  [26], 

g-  =  9.8088  (mUs  of  force)  ;  [28.] 

and  also 

G  =  Mg  (units  of  force).  [29.] 

In  this  book,  g  irill  always  be  used  to  express  tlio  intensity  of  the 
force  of  gi-avity  acting  on  the  unit  of  mass,  or,  in  general,  the 
intensity  of  the  force  of  gravity  ;  and  G  will  always  be  used  to 
express  the  intensity  of  the  forco  of  gravity  acting  on  a  given 
mass,  M.  In  every  case  tliey  both  stand  for  a  certain  number  of 
units  of  force.  The  intensity  of  the  eartli's  attraction  varies 
slightly  at  different  points  of  its  surface ;  thus,  at  the  equator, 
§■=9.7806;  at  the  latitude  of  Paris,  as  above,  g- =  9.8088 ; 
and  at  the  pole,  g-  =  9.8314. 

In  order  to  determine  the  intensity  of  gravity  at  different 
places,  it  might  be  supposed  that  we  could  measure  the  dis- 
tance through  which  a  heavy  body  would  fall  the  first  second, 
and  then,  by  the  principles  of  uniformly  accelerated  motion  (21), 
twice  tliis  distance  would  be  eq\ial  to  the  val\ie  of  §■  at  the  given 
place.  On  account  of  the  great  rapidity  with  which  bodies  fall, 
it  is  impossible  to  measure  this  distance  with  any  accuracy ;  nor 
is  this  necessary,  since  we  have  in  the  pendulum  an  instrument 
by  which  we  can  determine  indirectly  the  value  of  g  with  great 
precision. 

(50.)  Pendulum.  —  A  pendulum  is  a  heavy  body,  suspended 
from  a  fixed  point  by  a  rod  or  cord.  If  the  centre  of  gravity  of 
the  body  is  directly  under  the  point  of  support,  tlie  body  remains 
at  rest;  but  if  the  body  he  drawn  out  of  this  position,  so  that 
the  centre  of  grarity  will  be  on  either  side  of  the  vertical  line 
I  through  the  point  of  support,  then  the  body,  when  disen- 
id,  will  fall  towards  the  vertical  line,  and  in  consequence  of 
its  inertia  will  continue  its  motion  beyond  the  vertical  line  until 
it  comes  to  rest.  It  will  then  return  to  the  vertical,  and  thus 
oscillate  from  side  to  side.  In  order  to  investigate  the  phe- 
nomena of  this  kind  of  motion,  the  matliematicians  study  at  first 
an  ideal  pendulum,  which  they  call  a  simple  pendulum,  to  distin- 
guish it  from  the  actual  material  pendulum,  which  they  call  a 
compound  pendulum. 

(51.)  Simple  Pendulum.  —  A  simple  pendulum  consists  of  a 
material  point  suspended  to  a  fixed  point  by  means  of  a  thread 


d  by  Google 


GENEEAL   TROPERTIES   ( 


67 


■ 

I 

Kl 

^ 

without  mass  or  weight,  perfectly  flexible  and  incxteiisible. 
Such  a  pendulum  is  of  course  only  a  mathematical  abstrac- 
tion ;  but  we  can  approach  sufficiently  near  to  it,  for  purposes 
of  illustration,  by  suspending  a  small  lead  buEet  to  a  fixed  point 
by  means  of  a  fine  silk  thread. 

Let  O  A,  Fig.  28,  he  such  a  simple  pendulum,  in  a  vertical  po- 
sition, and  therefore  at  rest.  If  we  now  withdraw  it  to  the  posi- 
tion O  B,  the  force  of  gravity  act- 
ing on  the  point  B  in  the  direction 
B  g  may  be  decomposed  into  two 
components;  one,  £  a,  which  will  be 
destroyed  by  the  i-esistanee  of  the 
tliread  and  of  tlie  fixed  point  O ;  the 
other,  B  b,  perpendicular  to  O  B, 
■which,  being  unresisted,  will  move 
the  point  B  towards  tlie  vertical 
O  A.  If  the  line  B  g  represents 
the  intensity  of  the  force  of  grav- 
ity, then  B  b  represents  the  in- 
tensity of  the  second  component. 
Hence,  if  we  suppose  the  amount 

of  matter  concentrated  at  B  to  be  equal  to  the  unit  of  mass,  and 
represent  tlie  angle  BOA  by  «,  we  shall  have,  for  the  value  of 
the  second  component,  g  sin  a.  This  component  will  evidently 
diminish  in  intensity  as  the  pendulum  approaches  the  vertical, 
and  at  the  vertical  will  become  nothing.  It  appears,  therefore, 
that  this  force  will  he  continuous,  but  not  constant ;  and  hence, 
that  the  pendulum  will  move  with  an  accelerated,  but  not  with 
a  uniformly  accelerated  motion  (20),  in  the  arc  of  a  circle  whose 
radius  is  equal  to  O  i?. 

Having,  reached  the  vertical  0  A,  the  pendxilum,  in  virtue  of  its 
momentum,  mil  rise  with  a  retarded  motion  toward  O  B' ;  and 
since  the  action  of  gravitation  in  retarding  the  motion  must  be 
exactly  equal  to  its  previous  action  in  accelerating  it,  it  follows 
from  (27)  that  the  momentum  will  not  he  destroyed  until  the 
pendulum  has  moved  over  an  arc,  A  B',  equal  to  A  B.  At  B'  it 
will  be  for  an  instant  at  rest,  and  then  fall  back  again  to  A,  re- 
mount to  -B,  and  thus  continue  indefinitely,  supposing  there  were 
no  resistance.  In  actual  practice,  however,  with  a  compound 
pendulum,  the  resistance  of  the  air,  the  rigidity  of  the  thread, 
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and  tlio  friciion  at  the  point  of  support,  rapidly  diminish  the 
arc  through  which  it  moves,  and  finally  arrest  the  motion  al- 
together. By  diminishing  these  resistances,  the  motion  may  he 
made  to  continue  for  a  proportionally  longer  time  ;  and  a  pendu- 
lum has  been  known  to  continue  oscillating  in  a  vacuum  for 
several  hours. 

Each  motion  of  the  pendulum  from  B  to  B',  or  from  B'  to  B, 
is  called  one  oscillation,  and  the  angle  B  0  B'  i^  called  tlie  ampli- 
tude of  the  oscillation. 

(52.)  Isockronism  of  the  Pendulum.  —  It  is  evident  that  the 
length  of  time  required  for  a  single  oscillation  of  the  pendulum 
0  A,  Fig.  28,  must  be  absolutely  the  same,  so  long  as  the  ampli- 
tude of  the  oscillation  remains  constant ;  but  also,  what  is  more 
remarkable,  it  is  true  that  the  time  required  for  each  oscillation 
of  the  pendulum  is  but  little  influenced  by  the  amplitude  of  the 
oscillation ;  and,  for  all  practical  purposes,  tlie  time  of  oscilla- 
tion may  be  regarded  as  equal  for  all  amphtudes  not  exceeding 
three  or  four  degrees.  This  singular  property  of  the  pendulum 
is  termed  isockronism,  from  two  Greek  words  signifying  equal 
tinie,  and  the  oscillations  of  the  pendulum  ai-e  said  to  be  iso- 
chronous. Two  oscillations  of  the  pendulum  are  not,  however, 
absolutely  isochronous,  unless  the  difference  between  their  am- 
plitudes is  infinitely  small, 

(53.)  Formula  of  the  Pendulum.  —  If  we  represent  by  T  the 
time  of  oscillation  of  n,  pendulum  in  seconds,  by  I  its  length  in 
fractions  of  a  metre,  by  g-  the  acceleration  produced  by  gravity 
each  second,  and  by  7t  the  ratio  of  the  circumference  of  a  circle 
to  its  diameter,  the  value  of  T  may  be  found  to  be 


'J? 


[30.] 


when  the  amplitude  of  the  oscillation  is  infinitely  small.  If  the 
amplitude  is  not  infinitely  small,  but  only  very  small,  then  we 
have 


\g 


C31-] 


when  a  is  the  length  of  the  arc  AB,  Fig.  28.  The  trutii  of 
these  formulte  cannot  readily  be  demonstrated  without  the  aid  of 
the  higher  mathematics,  and  we  must  tlierefore  i-efer  the  student 
to  woi'ks  on  Analytical  Mechanics  for  tho  demonstration. 
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Several  important  truths  are  expressed  in  these  formula! :  — 

1.  The  duration  of  an  oscillation  does  not  depend  on  its  ampli- 
tude when  this  is  infinitely  small,  and  is  but  slightly  influenced 
by  the  amplitude  even  when  it  is  as  large  as  three  or  four  de- 
grees. By  substituting,  in  [30],  1:^1,  and  g-=  9.809,  we 
should  obtain,  for  the  time  of  vibration  of  a  pendulum  one 
metre  long,  at  the  latitude  of  Paris,  T=  1.003085.  By  sub- 
stituting in  [31]  the  same  values,  and  also  a  =  3.1416  -^  90  = 
0.0349,  we  should  obtain,  for  the  time  of  vibration  when  the  am- 
plitude was  eight  degrees,  3"=  1.003161,  which  differs  from  the 
first  value  by  only  the  0.000076  of  a  second. 

2.  The  duration  of  the  oscillation  is  proportional  to  the  square 
root  of  the  length  of  the  pendulum.     Substituting,  in  equation 

[30],  C=  —  ,  which  is  a  constant  quantity  at  any  given 
place,  the  equation  becomes  T=  C  fJT.  For  a  pendulum  of 
another  length,  as  /',  we  have  T' ^  C  f^V,  and,  comparing 
the  two, 

2-  :  2"  =  VT  :  VT  ;  [32.] 

and  also 

l:l'=  T':  T\  [33.] 

3.  The  dwaiion  of  the  oscillation  of  a  pendulum  of  an  inva- 
riable length  is  inversely  proportional  to  the  square  root  of  the 
intensity  of  gravity.  Substitiiting,  hi  equation  [30],  C"=  a/^'I, 
which  is  a  constant  quantity  wheu  /  is  supposed  invariable,  wo 

obtaij!  2"=  O     A.     For  anotlier  place,  where  the  intensity  of 
\g  _ 

graviU  is  g',  we  bavo  T  =  O    LI, ;  lience, 

(54.)  Compound  Pendulum. —  Wo  havo  hitherto  supposed 
that  the  pendulum  is  a  heavy  mass,  of  indefinitely  small  magni- 
tude, suspended  by  a  string  or  a  rod,  having  no  weight.  Such 
a  pendulum  is,  as  has  been  stated,  a  pure  abstraction,  and  can 
never  be  realized  in  practice.  The  pendulum  which  must  be 
used  in  all  our  experiments  is  a  compound  pendulum,  consisting 
of  a  heavy  weight,  suspended  to  a  iised  point  or  axis,  by  means 
of  a  rigid  rod  of  wood  or  metal.     The  pai'ticlcs  of  such  a  pendu- 
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him  must  necessarily  be  at  different  distances  from  tlic  point  of 
suspension,  and  must  therefore  tend  to  oscillate  in  different  times. 
Hence,  the  time  of  oscillation  of  the  whole  pendulum  will  not  be 
the  same  as  that  of  .a  simple  jjendulum  of  the  same  length,  and 
the  difference  becomes  of  much  importance. 

The  theory  of  the  simple  pendulum  may  be  extended  to  tlio 
compound  pendulum,  by  regarding  the  last  as  consisting  of  as 
many  simple  penduhims  as  it  contains  material  particles.  Were 
these  free  to  move,  thoy  would  oscillate  in  different  times,  deter- 
mined by  their  distances  from  the  point  of  suspension  ;  but  they 
form  parts  of  a  rigid  system,  and  they  are  tlierefore  all  compelled 
to  oscillate  in  the  same  time.  Consequently,  the  oscillations  of 
the  pai-ticles  aiear  the  point  of  suspension  are  retarded  by  the 
slower  oscillations  of  tliose  below  tliem  ;  and,  on  the  other  hand, 
the  oscillations  of  the  particles  near  the  lower  end  of  the  pendu- 
lum are  accelerated  by  the  more  rapid  oscillations  of  tliose  above 
them.  At  some  point  on  the  axis  of  the  pendulum,  intermediate 
between  these,  tliere  must  be  a  particle  whose  natural  oscillation 
is  neither  accelerated  nor  retarded,  and  where  the  several  effects 
will  be  all  balanced,  all  tlie  particles  above  it  having  exactly  the 
same  tendency  to  oscillate  faster  that  the  particles  below  it  have 
to  oscillate  slower.  This  point  is  called  the  centre  of  oscillation, 
and  it  is  obvious  that  the  time  of  oscillation  of  a  compound  pen- 
dulum is  exactly  the  same  as  that  of  a  simple  pendulum  whose 
length  is  equal  to  the  distance  of  the  centre  of  oscillation  from 
tlie  point  of  suspension.  This  distance  is  the  virtual  or  acting- 
length  of  the  pendulum,  and  equations  [30]  and  [31]  will  apply 
to  compound  pendulums,  by  substituting  for  I  their  virtual 
leng'th.  By  the  length  of  a  penduhun,  no  matter  wliat  may  be 
its  form,  is  always  to  be  understood  the  virtual  lengtli,  unless 
the  reverse  is  expressly  stated. 

(53.)  Position  of  the  Centre  of  Oscillation. —  When  the  iorm 
of  the  pendulum  is  given,  tlie  position  of  the  centre  of  oscillation 
can  be  calculated  ;  but  as  the  metliods  of  calculation  involve  the 
principles  of  the  higher  mathematics,  they  cannot  readily  bo  ex- 
plained in  this  connection.  The  centre  of  oscillation  can  also  be 
found  experimentally,  by  making  use  of  the  following  remarka- 
ble property  of  the  compoimd  pendulum,  first  demonstrated  by 
Huyghens. 

If  a  ])enduluin  be  inverted  and  suspended  by  its  centre  of  os- 
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cillation,  its  fonnor  point  of  suspension  will  become  its  iieir  centre 
of  oscillation,  and  the  time  of  vibration  will  remain  the  same  as 
before.     This  property  is  usually  expressed  by  saying,  that  the 
centres  of  oseillation  and  suspension  are  interchangeable. 
This   property  of  the  pendulum  may  be  Terified  by 
means  of  a  reveKiible  pendulum,  Fig.  29.     Tliis  pendu- 
lum is  furnished  witli  two  knife-edges,  a  and  b,  which, 
when  the  pendulum  is  in  use,  rest  on  plates  of  steel  or 
agate.     If  a  is  the  axis  of  suspension,  and  b  the  axis  of 
oscillation,  determined  by  calculation,  the  pendulum  will 
be  found  to  oscillate  in  the  same  time  on  either  knife- 
edge.     If  the  position  of  the  axis  of  oscillation  is  not 
known,  it  can  easily  be  found  by  shifting  the  position  of 
the  lower  knife-edge,  until,  on  trial,  the  pendulum  is 
found  to  oscillate  in  equal  times  on  both.     The  lower 
knife-edge  is   then  in  the  axis  of  oscillation.     A  pen- 
dulum of  tills  kuid  was  used  by  Captain  Kater,  in  his 
determination  of  the  length  of  the  seconds  pendulum, 
mentioned  on  page  12, 

When  the  pendulum  consists  of  a  fine  thread  and  a 
heavy  ball,  the  centre  of  oscillation  very  nearly  coin- 
cides with  the  centre  of  gravity,  and  such  a  pendulum 
can  be  used  for  ascertaming  approximatively  the  virtual 
length  of  a  compomid  pendulum.  By  shortening  or 
lengthening  the  thread,  a  length  can  'easily  be  found 
with  which  the  pendulum  -nill  oscillate  in  the  same 
time  with  the  compound  pendulum.  This  length  will 
then  be  approximatively  the  virtual  length  sought. 
(56.)    Use  of  the  Pendulum  for  Measuring  Time.  - 

If  in  tlie  equation  Tt=  ti  \~,  we  substitute  for  T 
unity,  and  for  ar  and  §•  the  values  already  given,  we  shall 
find,  for  the  length  of  a  pendulum  vibrating  seconds  at 
Paris,  the  value  /  =  0.993781  m.  The  lengths  of  pen- 
dulums vibrating  in  2, 3,  and  4  seconds  would  be  by  (33) 
4,  9,  and  16  times  this  length.  In  order  to  use  the 
seconds  pendulum  for  measuring  time,  it  is  only  necessary  to  con- 
nect with  it  a  mechanism  by  which  its  beats  may  be  recorded  and 
its  motion  maintained.  Such  a  mechanism  constitutes  a  common 
clock,  the  essential  parts  of  which  arc  represented  iu  Tig.  30. 
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The  toothcii  wheel  R,  called  the  scape-wheel,  is  turned  by  a 
weight  or  spring,  either  directly,  as  ia  the  figure,  or  through  tlie 
intervention  of  other  wheels.  The  revolution  of  the  scape-wheel 
ia  regulated  hy  means  of  a  peculiar  contrivance,  a  b,  called  the 
escapement,  which  oscillates  on  an  ajtis 
0  o  The  o&cillations  are  communi- 
cated to  the  escapement  by  the  pen- 
dulum P,  through  the  forked  arm  of. 
Whr  II  the  pendulum  hangs  vertically, 
one  ot  the  teeth  of  the  scape-wheel, 
cut  tbh(;[uch  for  the  purpose,  rests  on 
thi  uppei  side  of  tho  hook  ft,  and  llie 
clock  lemams  at  rest.  If  now  the 
pendulum  is  set  in  motion,  so  that 
the  hook  b  is  moved  from  the  wheel, 
the  tooth  which  rested  upon  it  is  set 
free,  and  the  wheel  begins  to  revolve  ; 
but  it  13  soon  arrested  hy  the  hook  a, 
T\hiLh  his  moved  up  to  the  wheel  as 
ft  mo^ed  fioin  it,  and  catches  on  its 
unlci  siiifice  the  tooth  immediately 
below.  As  tho  pendulum  oscillates 
back  the  hook  a  moves  away,  the 
wheel  again  commences  to  revolve, 
but  is  arrested  a  moment  after  on  the 
opposite  side  by  tho  hook  b,  which 
catolies  tlie  tooth  next  to  the  one  it  held  before  ;  and  thus  contin- 
uously, so  thit  eich  o'-ciUation  of  tho  pendulum  allows  tho  scape- 
wheel  to  move  forward  through  a  space  equal  to  one  half  of  one 
of  its  teeth  If,  then,  the  wheel  has  thirty  tcoth,  it  will  com- 
plete one  revolution  in  sixty  beats  of  the  pendidum,  moving  for- 
ward one  sixtieth  of  a  revolution  at  each  beat.  This  wheel  is 
tlie  one  on  whoso  axis  tho  second-hand  is  placed.  It  is  connected 
by  cogs  with  another  wheel,  which  is  made  to  occupy  sixty  times 
as  long  in  revolving,  and  this  carries  the  minute-hand;  and  this  is 
connected  witli  anotlicr  wheel,  which  revolves  in  twelve  times  the 
period,  and  carries  the  hour-hand.  Thus  the  second-hand  regis- 
ters the  beats  of  the  pendulum  up  to  sixty,  or  one  minute  ;  the 
minute-hand  registers  the  number  of  revolutions  of  the  second- 


hand up  to  sixty,  or  one  hour ;  and  tho  hour-hand  registers  the 
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number  of  revolutions  of  tlie  minutc-liand  up  to  twelTO,  or  half 
a  day. 

If  the  pendulum  and  escapement  were  removed  from  a  clock, 
there  irould  be  nothing  to  prevent  the  train  of  wheels  from  being 
turned  round  with  great  rapidity  by  the  weight  or  spring  acting 
on  it,  and  the  clock  would  speedily  run  down.  On  the  other 
hand,  were  there  not  some  means  of  communicating  to  the  pen- 
dulum occasional  impulses,  it  would  soon  be  brought  to  rest  by 
the  resistance  of  the  air  and  the  resistance  due  to  the  mode  of 
suspension.  To  prevent  this,  tlie  escapement  is  so  constructed  as 
to  give  a  very  slight  additional  impulse  to  the  pendulum  at  each 
oscillation.  The  ends  of  the  two  hooks,  a,  b,  are  cut  so  as  to  pre- 
sent to  the  teeth  of  the  scape-wheel  inclined  surfaces.  As  the 
tooth  of  the  wlieel  leaves  one  of  these  hooks,  its  extremity 
slides  over  this  inclined  plane  with  a  considerable  force,  commu- 
nicated by  the  weight,  so  as  to  thi-ow  the  escapement  forward 
witli  a  slight  impulse  the  moment  the  tooth  is  set  free.  This  im- 
pulse is  communicated,  through  the  axis  o  o'  and  the  ann  of,  to 
the  pendulum.  If  the  weight  is  increi^ed,  the  force  with  which 
the  impulse  is  given  will  be  greater ;  and  the  pendulum,  receiv- 
ing a  greater  impulse  at  each  oscillation,  will  swing  through  a 
greater  arc.  As  this  will  slightly  increase  the  time  of  each  oscil- 
lation (53) ,  the  addition  of  weight  will  make  the  clock  go  slower. 
The  change  of  rate  in  a  clock  caused  by  the  expansion  and  eon- 
traction  of  tlie  pendulum,  will  be  considered  in  the  chapter  on 
Heat. 

(57.)  Uxe  of  Pendulum  for  Measuring  the  Force  of  Grav- 
ity. —  By  transposing,  we  obtain  from  equation  [30]  the  value 
of  §■: 

g-  =  ^|J;  [35,] 

from  which,  when  we  know  the  length  of  a  pendulum  which  os- 
cillates in  a  given  time,  T,  we  can  easily  calculate  the  value  of  g 
for  the  place  of  oxpenment.  If,  in  the  last  equation,  we  place 
T^  1,  then  I  denotes  tlie  length  of  the  seconds  pendulum,  and 
we  obtain  for  the  value  of  g, 

g^lie.  [36.] 

In  order,  then,  to  measure  the  intensity  of  gravity  at  any  place,  we 
have  only  to  oscillate  a  pendulum  whose  virtual  length  is  known, 
7 
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and  observe  the  length  of  a  single  oscillation.  This  observation 
is  i-eadily  made  by  counting  a  large  number  of  oscillations,  and 
obsening  the  time  occupied  by  the  whole  number.  This  time, 
divided  by  the  number  of  oscillations,  gives  tlie  duration  of  a 
single  oscUlation  witli  great  accuracy,  because  any  error  we  may 
have  made  in  observing  the  time  is  thus  greatly  divided. 

By  this  method  Eorda  and  Cassini,  in  1790,  measured  with 
great  accuracy  the  intensity  of  gravity  at  the  Observatory  of 
Paris.  The  pendulum  which  they  used  consisted  of  a  sphere  of 
platinum,  suspended  to  a  knife-edge  by  means  of  a  fine  platinum 
wire.  Tlio  knife-edge  rested  on  an  agate  plate,  and  the  whole 
pendulum  was  about  four  metres  long.  Instead  of  counting  di- 
rectly the  number  of  oscillations,  Borda  compared  the  motion  of 
his  pendulum  with  that  of  a  clock  placed  behind  it.  On  the  ball 
of  tlie  clock's  pendulum  a  vertical  mark  indicated  the  position  of  its 
axis,  and  a  small  telescope,  placed  a  few  metres  in  front,  enabled 
him  to  observe  when  the  wire  of  his  pendulum  exactly  coincided 
with  the  vertical  mai'k.  Starting  from  a  moment  when  the  two 
coincided,  he  observed  the  number  of  seconds  before  such  coin- 
cidence occurred  again ;  and  knowing  this,  he  was  ablo  at  once  to 
calculate  the  number  of  oscillations  of  tlie  pendulum  which  oc- 
curred during  an  observed  number  of  seconds  by  the  clock.    Let 

V  be  the  number  of  oscillations  of  the  seconds  pendtilum  between 
the  coincidences,  then  w  ±  2  will  be  the  number  of  oscillations 
of  the  experimental  pendulum  in  the  same  interval,  that  is,  in 

V  seconds,  and  ^-^ —  will  be  the  number  in  one  second.  Hence, 
if  p  is  the  number  of  oscillations  of  the  pendulum,  and  t  the 
number  of  seconds  observed  by  tho  clock,  we  shall  have 

p  =  t  -^^  =  ;  ±  If  ;  [37.] 

an  equation  by  which  we  can  calculate  the  number  of  oscillations 
in  a  given  time,  without  being  obliged  to  count  them.  In  these 
experiments,  the  pendulums  were  enclosed  in  glass  cases  to  pro- 
tect them  from  currents  of  air,  and  separated  from  each  other 
by  glass,  so  that  they  should  not  react  on  each  other  through 
this  fluid. 

As  the  amplitude  of  the  oscillations  is  not  infinitely  small,  htit 
only  very  small,  in  such  experiments,  it  is  important  to  correct 
the  numl^er  of  oscillations  observed  as  above,  and  substitute  for 
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it  ill  tlie  calciilatioii  the  number  -which  would  have  occurred  had 
the  amplitude  been  really  infinitely  small.  If  we  call  the  duration 
of  an  oscillation  which  is  infinitely  small  T,  and  that  of  one  which  is 
onlyveryBraaU2",wehaTefrom[30]and[3i]  T'=r('l+^A 
where  a  is  equal  to  one  half  tlie  arc  which  measures  the  am- 
plitude. Now,  as  the  number  of  oscillations  in  a  given  time  is 
inversely  as  their  duration,  vc  have  2"  :  T=n:n';  and  hence, 

,i^«'(l+f,),  [B8.] 

where  n  is  t!io  required  number  of  oscillations,  and  «'  the  ob- 
served number.  The  amplitude  is  measured  by  means  of  a  hoii- 
zontal  scale  placed  behind  the  pendulum,  and,  as  it  sensibly 
diminishes  during  the  experiment,  we  take  for  the  value  of  a 
in  [38]  the  mean  amphtude  during  the  time  of  obsei-vation. 

The  value  of  g-  found  by  the  above  formulfe  is  a  little  too 
smaU,  owuig  to  the  fact  tliat  the  force  of  gravity  acting  on  the 
mass  of  the  pendulimi  is  balanced  to  a  slight  degree  by  the  buoy- 
ancy of  the  air,  and  it  is  necessary  to  coi-rect  the  result  for  this 
cause  of  error.  The  principles  from  which  this  correction  may 
be  calculated  will  be  explained  in  Chapter  III.  It  will  there  be 
shown  that  a  body  is  buoyed  up  in  a  fluid  by  a  weight  equal  to 
the  weight  of  fluid  which  it  displaces.  Hence,  if  W  represents 
the  weight  of  a  body  in  a  vacimm,  and  w  the  weight  of  air  it 
displaces  at  a  given  temperature  and  under  a  given  pressure, 
then  W~~  Iff  is  the  weight  of  the  body  in  the  air  at  this  temper- 
ature and  pressure.  If  we  put  5  =  ^ ,  the  small  fraction 
which  represents  the  ratio  of  the  weight  uf  th>'  air  to  the  weight 
of  the  body,  we  shall  easily  obtain 

W^w^W—S  W^  Tr(l  — 5). 
Representing  the  weight  of  the  body  in  air  ( Tf  —  if)  by 
W,  we  obtain,  for  the  relation  between  the  weight  of  a  body 
in  air  and  in  a  vacuum,  the  equation  W  ^  W0.—-S').  It 
will  be  shown,  in  one  of  the  following  sections,  that  the  weights 
of  the  same  body  under  different  circumstances  are  proportional 

W         s' 
to  the  intensities  of  gravity,  and  hence  that  ^  =  ^  ;    substi- 
tuting this,  we  have,  for  the  relation  between  the  actual  intensity 
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of  gravity,  g,  and  the  apparent  intensity  when  the  experiments 
are  made  in  air,  g', 

It  appears,  however,  from  the  experiments  of  Bessel,  which  were 
confirmed  by  the  calculations  of  Poisson,  that  the  loss  of  weight 
whicli  tlio  pendulum  suffers  in  air  is  much  greater  when  it  is  in 
motion  than  when  at  rest,  so  that  a  still  further  correction  must 
be  made  to  eliminate  this  source  of  error ;  but  for  the  details  of 
this  and  of  tlie  other  corrections  which  ai'e  required,  we  must 
refer  the  student  to  Bessel's  original  Memoirs. 

(68.)  Value  of  g,  — By  the  method  described  in  the  last  sec- 
tion, Borda  and  Cassini  found  for  the  intensity  of  gravity  at  the 
Observatory  of  Paris  the  mimber  g  =  0.8088.  This  value  has 
since  been  redetermined  by  Eiot,  Arago,  Mathieu,  and  Bonvai'd, 
who  used  the  same  process,  except  that  they  employed  a  shorter 
pendulum,  and  obtained  almost  absolutely  the  same  results. 
Bessel,  by  correcting  for  the  loss  of  weight  in  the  air  due  to  the 
motion  of  the  pendulum,  found  for  the  value  of  tlie  intensity  of 
gravity  at  Paris, 

g  =  9.80%, 

which  is  probably  the  most  accurate. 

The  value  of  g  has  also  been  determined  at  different  points  on 
the  earth's  surface,  with  moTO  or  less  accuracy,  by  different  ob- 
servers. Some  of  these  results  are  collected  in  the  following 
table,  which  has  been  taken  from  Daguin's  Traits  de  Physiqiie. 
The  length  of  the  seconds  pendulum  is  easily  calculated  from  the 
values  of  g  by  means  of  equation  [36]. 


B«..... 

latitudes. 

Value  of  p. 

pfuS™, 

Oliserrers. 

■   Spitihorgcn, 

79  49  Ssk 

9.83141 

0.99613 

Sabine. 

Stockholm, 

59  20  31 

9.81916 

0.99492 

Svanberg. 

ItonicsljerK, 

51  42  12 

9.81443 

0.99441 

Bessel. 

ParisT 

4S  50  U 

9.80979 

0  99394 

Biot,  ew. 

He  Ea\TOt, 

0     1  34S. 

9  78206 

0-99113 

Freycinet. 

He  (le  Pmnce, 

20     9  23 

9.78917 

0.99185 

Dupcrroy. 

Cape  of  Good  IIopo, 

S3  65  15 

9.79696 

0.99264 

Fi-oycinot. 

Cape  Horn, 

55  61  20 

9,81650 

0.99462 

PoBlcr. 

Now  Shetland, 

62  56  11 

9.82253 

0.99523 

Tostei'. 

3  from  this  table,  that  the  intensity  of  the  force  of 
gravity  gradually  increases  with  the  latitude  as  we  go  from  the 
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equator  towards  either  pole.  In  general,  the  value  of  g  for  any 
latitwde  can  be  determined  sufficiently  near  for  all  pnriioscs  of 
Physics,  by  means  of  the  formula, 

g  =  9.80604  (1  -  0.00259  .  cos  2  }.-),  [40.] 

in  which  A  is  the  latitude  of  the  place,  and  9.80604  the  value 
of  §■  at  the  latitude  of  45°.  By  substituting  for  A,  0°  or  90°, 
■we  obtain  at  the  equator  g  =  9.78062,  and  at  the  poles  g  = 
9.83146.  It  does  not  appear,  however,  that  the  intensity  of 
gi'avity  is  rigorously  the  same  at  all  points  on  the  same  parallel  of 
latitude,  or  at  corresponding  points  in  tlie  northern  and  soutiiern 
hemispheres.  Irregularities  in  this  respect  were  noticed  in  the 
measurement  of  the  arc  of  the  meridian  in  France,  and  also  by 
Lacaille  at  the  Cape  of  Good  Hope. 

These  variations  in  the  intensity  of  gravity  on  the  earth's  sur- 
face depend  mainly  on  two  causes  ;  first,  on  the  centrifugal 
force  due  to  the  eartli's  rcTOlution  on  its  axis,  which  is  at  its 
maximum  on  the  equator,  and  gradually  diminishes  towards  the 
poles,  where  it  disappears ;  secondly,  on  the  spheroidal  character 
of  the  earth,  in  consequence  of  which  a  body  at  the  poles  is  more 
strongly  attracted  by  the  mass  of  the  earth  than  it  is  at  the 
equator.  We  will  consider  the  effect  of  each  of  these  causes 
in  turn. 

(59.)  Centrifugal  and  Centripetal  Force.  —  It  has  already 
been  stated  (25),  that  a  curvilinear  motion  is  the  resultant  of  two 
motions  wliich  obey  different 
laws.  Tlius,  in  Fig.  31,  the 
parabolic  motion  of  a  ball  shot 
horizontally  from  a  fort  is  the 
resultant  of  a  uniform  motion 
in  the  direction  of  a,  m,  and  of 
a  uniformly  accelerated  motion 
in  the  direction  of  an.  We 
also  know  that  this  motion  is 
tlie  result  of  two  forces,  one 
which  has  acted,  and  the  other 
which  is  still  acting,  on  the 
ball  ;  first,  the  projectile  force 
of  gunpowder,  which  has  given  ^' 

to  the  ball  a  certain  momentum,  Mb,  in  virtue  of  which  it  will 
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continue  to  move  until  its  motion  is  arrested  by  an  equivalent 
force  acting  for  an  equivalent  time  in  the  opposite  direction; 
second,  the  force  of  gravity,  a  constant  force  botli  in  direction 
and  intensity.     Compare  (27)  and  (29). 

Let  us  now  consider  the  conditions  of  Fig.  31  to  be  so  far 
changed,  that  the  constant  force  no  longer  acts  in  directions  par- 
allel to  itself,  but  in  directions  wliich  all  converge  to  one  point. 
Such  a  force  may  be  regarded  as 
an   attractive   force  emanating 
from  this   point,  and  is  there- 
fore   frequently   called   a   cen- 
tral force.    Let  us  then  suppose 
that  in  Fig.  32  we  have,  as  be- 
fore, a  ball  moving  with  a  cer- 
tain momentum  in  the  direction 
a  m,  communicated  to  it  origi- 
nally by  a  force  acting  for  a 
given  time  with  a  given  iiitensi- 
Pig  32,  ty,  but  which  has  ceased  to  act. 

Let  us  also  suppose  that  the 
same  ball  is  attracted  towards  a  given  point,  C,  by  a  force  con- 
stant in  intensity.  What  will  be  the  resulting  motion  of  the  ball  ? 
Let  b  be  the  velocity  in  the  direction  a  m,  and  u  be  the  accelera- 
tion of  the  given  force.  In  a  small  fraction  of  a  second,  which 
we  may  take  as  small  as  we  please,  the  ball  will  more  in  tlie  di- 
rection a  m  over  a  space  a  ^,  equal  to  — ,  where  n  is  the  number 
of  intervals  uito  which  the  unit  of  time  has  been  divided.  In  the 
same  time  it  will  move  in  the  direction  a  C  over  a  space  a  A,  equal 
to  J  -^  [5].  The  resultant  of  these  motions,  on  the  principle 
of  (25) ,  will  be  a  curved  line  passing  through  the  point  P,  which 
can  be  found  by  completing  the  parallelogram  a^  Pb.  Arrived 
at  th^.  point  P,  the  direction  of  its  original  motion  has  so  far 
changed,  that,  if  the  central  attraction  ceased  to  act  at  that  mo- 
ment, the  ori^nal  momentum  would  cause  it  to  move  in  the 
direction  Pii,  tangent  to  the  curve  at  tlie  pointP,  which,  accord- 
ing to  the  principle  of  geometry,  may  be  regai'ded  as  the  contin- 
uation of  the  direction  in  which  it  was  moving  at  the  instant, 
The  central  force,  however,  does  not  cease  to  act,  and  during  the 
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next  small  iiiteTval  of  time  the  same  thing  is  repeated.  In  virtue 
of  the  momentum,  the  ball  will  pass  over  the  distance  P;',  equal 
to  — ,  and  in  virtue  of  the  central  force  ■will  move  towards  the 
centre  by  an  amount,  Pc,  equal  to  J  — j-.  The  resultant  of 
these  motions  will  be  a  second  curved  lino,  similar  to  the  first, 
and  a  continuation  of  it,  passing  tin-ongh  Q.  The  same  thing 
will  be  again  repeated  every  succeeding  interval  of  time,  and 
thus  the  motion  resulting  from  tlie  two  forces  wiU  be  a  curved 
line  bending  towards  the  central  point  C,  the  central  force  con- 
stantly changing  the  direction  of  the  original  momentum.  It  is 
easy  to  see,  that,  with  a  certain  relation  between  the  momentum 
and  the  intensity  of  the  central  force,  the  distance  of  the  ball 
from  the  centre  would  keep  always  the  same,  and  tlie  path  of  the 
ball  would  be  a  circle.  If  the  central  foree  were  greater  rela- 
tively to  the  momentum  than  this,  then  the  ball  would  be  drawn 
each  second  nearer  to  the  centre,  and  the  radius  of  the  ciu-vilinear 
path  would  as  regularly  sboi-ten ;  if  the  central  force  were  relative- 
ly less,  the  ball  would  evidently  recede  from  the  centre,  and  the 
radius  of  its  path  would  lengthen.  If,  however,  we  suppose  that 
tlie  central  force  diminishes  as  the  body  recedes  from  the  centre, 
and  increases  as  it  approaches  it,  so  that  the  intensity  is  always 
inversely  as  tlie  square  of  the  distance,  then  it  can  easily  be 
proved  mathematically  that  the  path  of  the  ball  will  return  into 
itself,  and  will  be  an  ellipse.  >Ve  shall  havte  only  to  deal  with  that 
particular  case  where  the  patli  is  a  circle.  In  tliis  case,  the 
central  force,  which  tends  to  draw  the  ball  to  the  centre  of  the 
circle,  is  evidently  just  balanced  every  instant  by  the  inertia  of 
tlie  mass  of  the  ball,  which  tends  to  move  in  a  tangent  to  the 
circle ;  so  that  the  ball  moves  no  nearer  to  the  centre,  the  whole 
of  the  central  force  being  expended  in  changing  tlie  direction  of 
the  original  motion. 

The  force  by  which  the  ball  tends  to  fly  off  on  a  tangent  to 
the  circle,  is  termed  the  centrifugal  force,  while  the  central  force, 
by  which  it  is  restrained  and  kept  on  the  circumference,  is  termed 
the  centripetal  force.  The  term  centrifugal  force  is  very  liable 
to  be  misunderstood,  since  it  would  seem  to  imply  a  force  wliieh, 
acting  alone,  would  cause  the  body  to  fly  directly  from  the  centre, 
which,  as  we  have  seen,  is  not  the  case.  We  must  constantly 
bear  in  mind,  that  the  only  proper  use  of  this  term  is  to  express 
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the  tendency  which  the  momentum  of  the  hody  has  to  carry  it 
on  in  tlie  straight  lino  tangent  to  the  circle  at  the  point  at  which 
the  centnpetal  force  ceases  to  draw  it  from  that  line.  The  body 
will,  it  is  true,  then  recede  from  the  centre  ;  but  it  will  only  do 
BO  by  passing  along  the  tangent,  the  distance  of  which  from  the 
centre  is  continually  increasing,  and  not  by  flying  in  a  direction 
opposite  to  the  centre  of  attraction.  Its  action,  however,  will  he 
to  cause  the  particles  of  a  body  in  rapid  revolution  to  take  their 
places  at  the  greatest  possible  distance  from  the  centre. 

The  measure  of  the  centriftigal  force  in  Fig.  32  is  obviously 
the  amount  of  restraint  required  to  keep  the  ball  on  the  circum- 
ference of  the  circle,  and  it  is  measured  by  the  intensity  of  the 
centripetal  force,  which,  on  our  supposition,  just  balances  it. 
Calling,  then,  the  centrifugal  foree  <S.,  the  acceleration  of  the  cen- 
tripetal force  »,  and  the  mass  of  the  ball  M,  we  have,  by  [14], 

€  =  jlfo.  [41.] 

Since,  however,  we  only  know,  as  a  general  rule,  the  velocity  of 
tlio  motion  of  a  ball  on  the  circle  and  the  radius  of  the  circle,  it 
is  important  to  obtain,  if  possible,  an  expression  of  the  intensity 
of  the  centrifugal  force  in  terms  of  these  two  quantities.  This 
can  easily  be  obtained  by  the  principles  of  geometry. 

Let  a  P,  Fig.  32,  be  the  arc  described  by  the  ball  in  an  interval 
of  time  so  small  that  the  arc  may  be  considered  as  equal  to  the 
chord.  Call  this  interval  —  of  a  second,  where  n  may  be  as  large 
as  you  please.  Represent  by  V  the  velocity  of  the  ball  on  the 
circumference ;  then  —  is  equal  to  the  length  of  the  arc  a  P. 
Represent  next,  by  b,  the  unknown  acceleration  of  the  cen- 
tripetal force;  then  the  distance  a  b,  through  which  tlie  ball 
would  move  under  the  influence  of  this  force  alone  in  —  of  a 
second, will  be,  by  [5],  ^  —^.  We  have,  by  geometry,  ab  :  aP  = 
a  P :  a  X>;  from  this  proportion,  by  substituting  the  above  val- 
ues, we  obtain  i  —^  :  ~  ^  —■:2R,  or  b^  -^  ;  and  substi- 
tuting this  value  of  r  ill  [41],  we  obtain,  for  the  intensity  of 
tJie  centrifugal  force, 

i:  =  M^.  [42.] 
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We  can  give  this  expression  another  form,  wliicli  is  more  con- 
venient for  use.  The  expression  I),  which  represents  tlic  velocity 
of  the  ball,  denotes  tlie  number  of  metres  which  it  passes  over  in 
one  second.  If,  then,  we  represent  by  T  tlie  number  of  seconds 
occupied  by  the  ball  in  going  once  round  the  circle  (its  period  of 
revolution),  and  by  2  .R  7t,  as  usual,  the  circumference  of  the 
circle,  we  shall  have  b  =  ~7^~-  Suhstitutmg  tliis  value  in 
[42],  we  obtain 

<l  =  M^P,^,  [43.] 

which  is  an  expression  for  the  intensity  of  the  centrifugal  force 
in  terms  of  the  time  of  revolution,  the  radius  of  the  circle  de- 
scribed, and  tlie  mass  of  the  body. 

If  a  weight  is  whirled  round  at  the  end  of  a  string,  the  action 
of  the  centrifugal  force  is  shown  in  tlie  tension  of  the  string,  and 
the  only  difference  between  this  and  the  previous  example  is,  that 
the  resistance  of  the  string  takes  the  place  of  the  attractive  force. 
If  the  string  breaks,  the  weight  flies  off  on  a  line  which  is  a  tangent 
to  the  circle  which  the  weight  had  described.  In  like  manner, 
the  particles  of  water  on  the  rim  of  a  revolving  grindstone  tend 
to  fly  .off  from  the  surface,  but  arc  kept  in  place  by  the  adhesive 
attraction  of  tlie  stone  ;  when,  however,  the  revolution  becomes 
rapid,  the  centrifugal  force  overcomes  the  adhesion,  and  the 
water  is  thrown  off  in  lines  which  are  tangent  to  the  cylindrical 
surface.  Not  unfrequently,  when  the  revolution  is  very  rapid, 
the  centrifugal  force  overcomes  the  cohesion  between  the  parti- 
cles of  the  stone  itself,  and  serious  accidents  have  resulted  from 
tins  cause. 

Since  the  earth  is  revolving  rapidly  on  its  axis,  we  should  ex- 
pect to  find,  especially  at  the  equator,  a  manifestation  of  this 
same  force ;  and  in  fact  we  do.  All  bodies  on  the  globe  not  sit- 
uated exactly  at  the  poles  tend  to  fly  off  from  its  surface  on  lines 
tangent  to  the  parallels  of  latitude  on  which  they  revolve,  and 
are  only  prevented  by  the  force  of  gravity.  Were  the  rapidity  of 
the  earth's  revolution  more  than  seventeen  times  increased,  the 
foroe  of  gravity  would  not  be  sufficient  to  restrain  bodies  on 
the  equator  from  obeying  this  tendency.  As  it  is,  however,  the 
centrifugal  force  only  acts  to  diminish  the  intensity  of  the  force 
of  gravity ;  and  this  action,  which  is  greatest  at  the  equator. 
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gradually  diminishes  as  we  go  towards  the  poles,  where  it  is 
iiotliing. 

We  can  easily  find  the  intensity  of  tlie  centrifugal  force  at  the 
equator,  by  substituting  in  [43],  for  R,  the  value  of  the  equato- 
rial radius,  6,377,398  metres,  and  for  T  the  number  of  seconds 
in  a  day,  86,400,  The  value  of  the  centrifugal  force  then  be- 
comes, for  the  mass  M, 

€  =  ilf  X  0.03373, 
and  for  the  iinits  of  mass, 

C  =  0.03373  (units  of  force).  [44.] 

The  apparent  Talue  of  §•  at  the  equator  is  less  than  its  true 
value  by  exactly  the  amount  of  this  force.  Hence  the  full  value 
of  the  earth's  attraction  at  the  equator  is 

9.78062  -i-  0.03373  =  9.81435. 
For  any  other  latitude,  the  value  of  the  centrifugal  force  is 
'  F  found  by  assuming  that  the  earth  is  a  perfect  sphere.     In 
Fig.  33,  let  m  be  the  position  of  the  body 
on  the  globe  ;  then  m  O  B  :^  Am  0  = 
amf  is  the  latitude  of  the  place,  which 
we  will  indicate  by  X ;  also  Am^=R  gosX 
is  the  radius  of  the  parallel  of  latitude  on 
which  the  body  m  is  revolving.    The  value 
of  the  centrifugal  force,  in  terms  of  the  lat- 
itude, will  be  found  by  substituting  this 
"'^ ""'  last  value  for  R  in  [43].    Making  this  sub- 

stitution, and  using  for  R  the  mean  radius  of  the  globe,  we  obtain, 
for  the  value  of  the  centnfugalforce,m/=0.03367  cos  A.  This, 
however,  is  the  value  of  the  centrifugal  force  acting  in  the  direc- 
tion mf.  The  force  of  gravity  acts  in  the  direction  ni  O,  and  in 
order  to  ascertain  to  what  extent  tlie  force  of  gravity  is  influenced 
by  the  centrifugal  force,  we  must  decompose  the  last  into  two  com- 
ponents. Let  w/ represent  the  intensity  of  the  centrifugal  force, 
then  m  a  and  m  b  will  represent  the  mtensities  of  two  components ; 
the  first  of  which,  being  opposite  in  direction,  will  tend  to  neuti'al- 
ize  the  force  of  gravity,  while  the  second,  being  perpendicular  in 
direction,  ivill  prodiice  no  effect  on  it.  The  value  of  the  compo- 
nent maisma  =  mf  cos  X ;  and  substituting  for  mf  its  value 
as  above,  and  representing  always  by  t  that  component  of  the 
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centrifugal  force  which  is  opposite  in  direction  to  gravity,  we 
have 

e  =  0.0336T  cos'  A.  [45.] 

"VVe  can  easily  find  how  rapid  tlie  rotation  of  the  globe  must 
be,  in  order  that  the  centrifugal  force  at  the  equator  should  just 
balance  the  attractive  force  of  gravity.  For  this  purpose  we 
have  only  to  substitute  for  €,  in  [43],  the  value  of  the  attractive 
force  just  found,  and  calculate  the  corresponding  value  of  T,  wliich 
will  be  found  to  be  5,005  seconds.  Hence,  if  the  earth  revolved 
once  in  5,065  seconds,  or  in  1"- 24'"'  25'-,  —  that  is,  a  little  more 
than  seventeen  tunes  faster  than  it  does,  —  the  force  of  gravity 
at  the  equator  would  be  just  balanced  by  tlie  centrifugal  force. 

(60.)  The  Spheroidal  Figure  of  the  Earth.  —  The  second 
cause,  mentioned  in  (58),  of  the  variation  of  gravity  with  the 
latitude,  is  the  spheroidal  figure  of  the  eartli,  in  consequence 
of  which  a  body  at  tlie  poles  is  more  strongly  attracted  by  gravity 
than  at  the  equator.  The  form  of  the  eartli,  as  has  been  before 
intimated,  is  not  a  perfect  sphere.  It  is  flattened  at  the  poles, 
and  its  figure  is  best  described  as  an  oblate  ellipsoid  or  spheroid. 
A  section  of  the  earth  tlirough  a  meridian  circle  is  tlierefore  not 
a  circle,  but  an  ellipse  of  very  small  eccentricity,  and  the  figure 
of  the  earth  may  be  conceived  as  generated  by  the  revolution  of 
such  an  ellipse  round  its  shorter  diameter  as  an  axis.  Tlie  flat- 
tening at  the  poles  amounts  in  round  numbers  to  about  ^-^  of 
the  equatorial  radius  ;  in  other  words,  the  polar  radius  is  about 
Tf^  shorter  than  the  equatorial.  This  deviation  from  a  true 
sphere  is  so  small,  that  it  could  not  be  detected  by  the  eye  in 
a  common  globe,  but  in  the  earth  it  nevertheless  amounts  to 
over  tliirteen  English  miles.  The  dimensions  of  the  earth  are 
accurately  as  follows :  *  — 

Volume  of  the  earth,      1,082,842,000,000.000  cubic  kilometres. 
Surface  of  tlio  earth,  509,961,000.000  square       " 

Length  of  a  quadrant,  10,000.857  kilometres. 

Equatorial  radius,  6,377.398         " 

Mean  ra-dius  (lat-  45"),  6,366.738 

Polar  radius,  6,356.079 

Difference  between  the  cqua^ 

torial  and  polar  radius,  21.319         " 

^  Tlieae  data  are  all  taken  fram  tho  Uible  of  constania  in  Kolili^r's  "  Logaiithmisdi- 
Trigoiiometrisches  Hnudbacli." 
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Were  the  earth  perfectly  spherical,  a  phimb-Iine  at  any  point 
on  its  Burfaee  would  point  exactly  to  its  centre,  and  the  centre  of 
figure  would  then  be  also  the  centre  of  gravity.  The  earth 
being  spheroidal,  the  phenomena  of  gravity  upon  its  surface  be- 
come less  simple.  Tiie  plumb-line  does  Jiot  point  exactly  to  tlie 
centre  of  the  earth,  except  at  the  equator  or  at  the  poles,  and, 
moreover,  there  is  no  fixed  centre  of  gi'avity.  In  Fig.  34,  the 
line  A  P  is  supposed  to  represent ' 
a  quadrant  of  a  meridian,  of  which 
O  P  is  the  polai',  and  0  A  the  equa- 
torial radius.  Starting  from  the 
equator,  let  us  take  stations  only 
one  degree  distant  from  each  other 
on  this  meridian,  and  at  each  sta- 
tion continue  the  direction  of  the 
plumb-line  until  it  intersects  the 
plumb-line  similarly  produced  at 
the  previous  station.  If,  in  tlie  fig- 
ure B,  C,  and  D  are  three  such 
points,  then  a,  b,  and  c  are  the  three  points  of  intersection,  and 
it  is  easy  to  see,  from  the  figure,  that  the  ninety  points  of  inter- 
section, which  would  be  obtained  by  producing  the  plumb-lines 
from  all  the  ninety  stations,  would  form  when  united  a  curved 
line,  ab  c p.  By  making  the  number  of  stations  infinite,  we 
should  of  course  have  an  infinite  number  of  points  of  intersec- 
tion ;  and  for  every  point  on  the  quadrant  A  P,  there  would  be 
a  corresponding  point  on  the  curve  ap.  The  points  a,  b,  c,  etc. 
are  termed  in  geometry  centres  of  curvature ;  the  lines  A  a, 
Bb,  C  c,  etc,  are  called  radii  of  curvature ;  and  the  curve  a  p 
is  called  the  evolute  of  the  curve  A  P.  Now  it  is  evident,  fj'om 
the  properties  of  the  centre  of  gravity,  that  the  centi-o  of  gravity 
for  any  point  on  the  quadrant  AP  is  the  corresponding  centre 
of  curvature  on  the  evolute  ap.  At  ^4,  for  example,  the  attrac- 
tion of  the  earth  acts  as  if  it  originated  at  the  centre  of  gravity 
a;  at  -B,  as  if  it  originated  at  the  centre  of  gravity  b,  etc.  The 
intensity  of  the  force  which  resides  at  these  different  centres 
is  not,  however,  the  same  ;  the  intensity  at  a,  for  example,  is  less 
than  that  at  b,  at  b  less  than  at  c,  etc.  It  gradually  increases  at 
the  different  points  on  the  evolute  from  a  to  p. 

What  is  triie  of  the  qtiadrant  A  P  must  be  true  of  every 
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quadrant ;  hence,  if  the  evolute  a  p  is  revolved  on  its  axis,  O  p, 
the  surface  generated  would  be  the  locus  of  all  the  centres  of 
gravity  for  points  on  the  upper  hefiiisphere  of  the  globe;  and  if 
the  evolute  a  p'  is  revolved,  the  surface  generated  -would  he  the 
locus  of  all  the  centres  of  gi'avity  for  points  on  the  lower  hemi- 
sphere of  the  globe. 

It  is  evident,  from  the  above,  that  a  body  placed  at  the  equa- 
tor, and  a  similar  one  placed  at  the  pole  of  the  globe,  stand  in 
different  relations  to  its  mass  as  a  whole,  and  we  slioiild  natu- 
rally expect  that  they  would  be  attracted  with  different  degrees 
of  force.  Newton,  Maclaurin,  Clairaut,  and  many  other  eminent 
geometers,  have  calculated  how  great  the  variation  of  gravity, 
owing  to  the  elliptic  form  of  the  earth  alone,  ought  to  be,  in  going 
from  the  equator  to  the  pole,  and  the  results  of  their  calcula- 
tions coincide  almost  precisely  with  those  of  observation  given 
above. 

It  has  also  been  proved  by  the  same  mathematicians,  that  the 
actual  form  of  the  earth  is  almost  precisely  that  which  would  re- 
sult from  the  revolution  of  a  liquid  mass  of  tlie  same  volume  and 
density  once  in  twenty-four  hours ;  and  since  we  have  every  reason 
to  believe  that  the  globe  was  once  fluid,  and  that  it  is  even  so 
now,  with  the  exception  of  a  comparatively  thin  crust  on  its  sur- 
face, it  follows  that  the  caxxse  of  the  variation  of  gravity  just 
considered  is  itself  an  indirect  result  of  the  centrifugal  force. 

(61.)  Va/riation  of  the  Intensity  of  Gravity  as  we  rise  above 
the  Surface  of  the  Earth.  —  The  law  by  which  the  intensity  of 
gravity  varies  with  the  distance  from  the  centre  of  force,  can  be 
discovered  by  studying  the  effect  of  the  earth's  attraction  on  the 
moon,  as  compared  with  its  effect  on  bodies  near  its  surface.  The 
mean  distance  of  the  moon  from  the  centre  of  the  earth,  is  about 
sixty  times  the  earth's  equatorial  radius,  and  it  revolves  round  the 
earth,  in  an  orbit  which  is  very  nearly  circular,  in  27.322  days. 
By  (59),  it  follows  that  the  intensity  of  tlie  earth's  attraction  at 
the  moon  is  just  equal  to  the  centrifugal  force,  and  it  can  therefore 
be  calculated  by  substituting  in  [43]  the  values  of  R  and  T  just 
given.  Making  tliese  substitutions,  we  obtain,  for  the  value  of  the 
earth's  attraction  on  the  moon,  where  M  equals  the  mass  of  the 
moon,  G-  =  Mx  0.0027.  For  the  unit  of  mass,  then,  the  intensity 
of  the  earth's  attraction  at  the  distance  of  the  moon  is  j^-^  0.0027. 
The  intensity  of  the  earth's  attraction  for  bodies  on  the  equator 
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is,  as  wc  liaTC  seen,  g-  =  9.7806,  which  is  about  3,600  times  greater 
than  0.0027,  ]<'or  bodies  as  distant  as  the  moon,  we  may  consider 
the  attraction  of  the  globe  as  concentrated  at  its  centre  of  figure, 
and  lience  wg  may  regard  the  moon  as  about  sixty  times  as  distant 
from  the  centre  of  attraction  as  a  body  on  the  equator.  At  sixty 
times  the  distance,  then,  the  force  is  3600  (=  60')  times  less ; 
tliat  is,  tlie  intensity  of  the  force  of  gravity  varies  inversely  with 
the  square  of  the  distance  from  the  centre  of  attraction.  Repre- 
senting, then,  by  g-  and  g-'  tlte  intensity  of  gravity  at  the  distances 
R  and  R',  we  liave  always  the  proportion, 

g- :  g-'  =  R"  :  R\  [46.] 

It  follows  from  tlic  above  discussion,  that  the  intensity  of 
gravity  must  vary  at  different  heights  above  the  sea^-level  on 
the  BiirfocQ  of  the  earth.  The  amount  of  tliis  variation  can 
easily  be  calculated  by  means  of  the  above  proportion.  Repre- 
senting by  g-  the  intensity  of  gravity  at  the  sea-level,  by  g"  the 
intensity  at  an  elevation.  A,  and  by  R  the  radius  of  the  eartli, 
we  have,  from  [46],  neglecting  the  variation  in  tho  centrifugal 
force  at  the  two  heights, 

g:  g'  =  (R-\-  hy  :  R^,     and    g  =  g'  ^-^J^.     [47.] 

When  h  =  1000  m.,  we  have  from  [47],  g- =  g'  1.0003.  The 
amount  of  variation  is  therefore  perceptible  at  any  considerable 
elevation  above  the  sear-level.  Hence,  in  stiidying  the  variation  of 
the  intensity  of  gi'avity  on  the  surface  of  the  earth,  it  is  impor- 
tant to  reduce  the  results  of  observations  at  diiferent  elevations 
to  the  sea-level  before  comparing  them.  This  can  always  be  done 
by  [47],  when  the  elevation  is  known. 

(62.)  Law  of  Gravitation. — "Wo  proved,  in  (49),  that  the 
intensity  of  the  force  of  gravitation  is  directly  proportional  to 
the  quantity  of  matter  (the  mass)  on  which  it  acts,  and  in  the 
last  section  we  have  shown  that  the  intensity  of  the  force  of  grav- 
itation is  inversely  proportional  to  the  square  of  the  distance  of 
the  masses,  on  which  it  acts,  from  the  centre  of  attraction.  By 
combining  the  two,  we  have  the  well-known  law  of  gravitation, 
which  is  expressed  in  the  following  terms :  —  All  masses  of  mat- 
ter attract  one  a/nother  vntli  forces  directly  proportional  to  the 
quantity  of  matter  contained  in  each,  and  inversely  proportional 
to  the  squares  of  their  distances  from  each  other. 
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This  law  was  discovered  in  1666  by  Sir  Isaac  Ncis-ton,  who, 
while  reflecting  on  tlie  power  which  cai^es  the  fall  of  bodies  to 
tlie  earth,  and  considering  that  this  power  is  not  sensibly  dimin- 
ished, even  at  the  top  of  the  highest  mountains,  conceived  tliat  it 
might  extend  far  beyond  the  limits  of  the  atmosphere,  and  even 
exert  its  influence  through  all  space.  It  may  be,  he  tliought,  this 
very  force  by  which  the  moon  is  retained  in  her  orbit  round  the 
earth,  and  the  whole  planetary  system  round  the  sun.  In  order 
to  verify  his  conjecture,  he  calculated,  on  the  same  principle  used 
in  the  last  section,  the  attraction  of  the  earth  on  the  moon,  as- 
suming that  the  force  must  diminish  in  the  inverse  ratio  of  the 
square  of  the  distance,  —  an  assumption  to  which  he  was  led  by 
the  relation,  previously  discovered  by  Kepler,  between  the  tunes 
of  revolution  of  the  planets  and  their  distances  from  the  sun. 
The  result,  at  first,  did  not  answer  his  expectations,  because  he 
had  used  in  the  calculation  a  value  of  tlie  earth's  radius,  and 
hence  also  of  the  moon's  distance,  which  was  much  too  small, 
and  he  therefore  rejected  the  hypothesis  as  not  substantiated. 
Several  years  later,  Picard  measured,  with  great  accuracy  for  the 
times,  an  arc  of  the  meridian  in  France ;  and  from  his  measure- 
ment it  appeared  that  the  radius  of  the  globe  was  nearly  one  sev- 
enth greater  than  had  previously  been  supposed.  Furnished  with 
these  new  data,  Newton  resumed  liis  calculations  witli  complete 
success,  and  in  1687  published  his  great  work,  the  Principia,  in 
which  the  consequences  of  this  great  law  were  developed  as  far 
as  the  astronomical  and  mathematical  knowledge  of  the  times 
would  permit. 

(63.)  Absolute  Weight.  —  When  a  body  is  not  free  to  fall,  the 
force  which  gravity  exerts  upon  it  is  expended  in  pressure  against 
ife  support.  This  pressure  is  called  absolute  weight.  The  abso- 
lute weight  of  a  book,  for  example,  is  the  pressure  which  it  exerts 
against  the  table  on  which  it  rests.  It  is  evident  that  this  pressure 
is  equal  to  the  intensity  of  the  force  with  which  the  book  is  attract- 
ed by  the  earth.  The  intensity  of  the  force  which  gravity  exerts  on 
a  given  mass  of  matter  we  have  represented  by  G  (49).  If,  then, 
we  represent  the  pressure  caused  by  this  force,  or  the  absolute 
weight  of  the  same  mass  of  matter,  by  tO,  we  have  tO  ^  f?-  Hence, 
we  can  substitute  III  for  G  in  [26]  and  [27] ,  and  shall  then  have 

to  =  -M"  .  £-,  [48-] 

and 
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In  these  formulfe,  tO  represents  weight  or  pressure ;  while  in 
[26]  and  [27]  G  represents  the  intensity  of  tlie  force  whicli  is 
tlie  cause  of  tlie  pressure.  In  this  work,  tO  always  stands  for  a 
eertain  number  of  grammes,  and  G  for  a  certain  numlier  of  units 
of  force.  For  example,  let  us  suppose  tliat  the  quantity  of  mat- 
ter in  the  book  just  referred  to  is  equal  to  50  units  of  mass ;  we 
should  then  know,  from  [26],  that  tlie  intensity  of  the  force  ex- 
erted by  gi-avity  upon  it  was  equal  to  490  units  of  force,  and, 
from  [48],  that  its  weight  was  equal  to  490  grammes.  In  the 
first  case,  (?  ^  50  X  9-8  =  490  units  of  force.  In  the  second 
case.  Id  ^  50  X  9.8  ^  490  grammes.  The  numbers  in  the  two 
cases  are  precisely  the  same,  but  they  signify  different  kinds  of 
units.  The  identity  of  the  numbers  arises  from  tlie  fact  that  the 
unit  of  force  is  equivalent  to  a  pressure  of  one  gramme,  so  that 
the  difference  between  G  and  tO  is  rather  nominal  than  real. 

It  follows  from  [49],  that  the  weights  of  bodies  are  propor- 
tional to  the  quantities  of  matter  which  they  contain ;  in  other 
words,  that  a  body  which  contains  two,  three,  or  four  times  as 
much  matter  as  a  given  body,  will  also  weigh  two,  three,  or  four 
times  a«  much.  This  fact  has  a  most  important  bearing  on 
chemistry,  since  the  chemist  is  enabled,  hi  consequence  of  it, 
to  compare  the  various  quantities  of  matter  on  which  he  experi- 
ments, by  comparing  their  weights.  So  close  is  this  relation, 
that  in  common  language  we  confound  the  weight  of  a  substance 
with  its  mass ;  thus,  we  speak  of  ten  grammes  of  iron,  mean- 
ing thereby  a  quantity  of  iron  which  exerts  a  pressure  of  ten 
grammes.  It  must  be  remembered  that,  in  scientific  languf^e, 
weight  always  means  pressure,  and  not  quantity  of  matter.  The 
word  is  most  commonly  used,  however,  to  denote  the  quantity 
of  matter  which  exerts  the  pressure. 

So  long  as  matter  is  neither  taken  from  nor  added  to  a  body, 
its  mass,  from  the  very  definition  of  the  term,  remains  constant. 
It  is  not  so,  however,  with  the  absolute  weight.  This  varies  with 
the  force  of  gravity,  and,  as  follows  from  [48],  it  is  directly  pro- 
jjortional  to  the  intensity  of  this  force.  Hence,  the  absolute 
weight  of  a  body  increases  as  we  go  from  the  equator  to  the 
poles,  and  diminishes  as  we  rise  above  the  surface  of  the  earth. 
It  is  very  different  on  the  different  planets  and  on  the  sun.  A 
body  weighing  a  kilogramme  on  the  earth  would  weigh  about  28 
kilogrammes  on  the  sun,  about  2,6  kilogrammes  on  Jupiter,  and 
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only  about  160  grammos  on  the  moon.  On  the  surface  of  tlie 
globe,  however,  the  possible  Tariatioii  of  weight  is  but  small, 
amounting  at  most  to  -j^t  of  the  whole.  Calling  this  in  round 
numbers  ^^,  it  will  be  found  that  a  body  weighing  one  kilo- 
gramme at  the  equator  would  weigh  1  Idlog.  5  gram,  at  the  poles. 
(64.)  French  System  of  Weig-kts. — Weight  is  estimated  by 
arbitrarily  assuming  a  unit  of  weight,  and  then  comparing  tlie 
pressure  exerted  by  other  bodies  with  that  exerted  by  the  unit. 
If,  for  example,  this  pressure  in  a  given  case  is  found  to  be  ten 
times  as  great  as  that  of  the  unit,  the  body  is  said  to  weigh  ten 
grammes,  or  ten  pounds,  as  the  unit  may  be  denominated.  The 
French  have  assumed,  as  their  unit  of  weight,  the  pressure  ex- 
erted by  one  cubic  centimetre  of  pure  water  at  4°  0.  (its  point  of 
maximum  density)  in  a  vacuum,  and  at  the  latitude  of  Paris. 
This  unit  they  call  a  gramme.  The  gramme  is  multiplied  and 
subdivided  decimally,  and  the  names  given  to  these  multiples  and 
subdivisions  are  analogous  to  those  used  in  the  case  of  Iho  metre. 
Thus  we  have  the 

French  System  of  Weights. 

Kilogramme,     1000  gram.  Gramme,  1,000  gram. 

Hectogramme,    100      "  Decigramme,    0.100      " 

Decagramme,       10      "  Centigramme,  0.010      " 

Gramme,  1      "  Millegramme,  0.001      " 

It  follows  from  the  last  section,  that  a  mass  of  brass  whose 
weight  is  one  gi-amme  at  Paris  would  weigh  less  than  a  gramme 
at  a  lower  latitude,  and  more  than  one  gramme  at  a  latitude 
higher  than  that  of  Paris.  Hence,  tlie  weight  of  one  cubic 
centimetre  of  water  at  4°  C,  and  in  a  vacuum,  is  the  standard 
gramme  only  at  the  latitude  of  Paris. 

The  great  advantage  of  this  system  of  weights  m  all  scientific 
investigations  arises  from  the  very  simple  relation  which  exists 
between  it  and  the  system  of  measures  already  described.  This 
is  so  simple,  that  it  is  almost  always  possible  to  calculate  the 
weight  of  a  substance  from  its  volimie,  and  the  reverse,  mentally, 
when  the  specific  gravity  of  the  substance  is  known.  The  Prench 
system,  both  of  weights  and  measures,  is  exclusively  used  in  this 
volume. 

(65.)  Systetn  of  Weights  of  the  United  States  and  of  Eng- 
land. —  In  this  coujxtry  and  in  England  two  entirely  distinct 
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units  of  weight  are  in  xise,  called  tlie  Troy  Pound  and  the 
Avoirdupois  Pound.  These  nnits  are  entirely  arbitrary,  and 
are  represented  by  certain  masses  of  metal,  which  have  been 
declared  by  law  to  be  the  legal  standard  of  weight.  These  units 
bear  to  each  other  the  relation  of  144  to  175,  and  do  not  agree 
in  any  of  their  subdivisions  except  the  grain.  The  Troy  pound 
contains  5,760,  and  the  avoirdupois  pound  7,000  grains,  all  of  the 
same  value.  The  actual  legal  standard  of  weight  in  the  United 
States  is  the  Troy  pound,  copied  by  Captain  Kater,  in  1827,  fram 
the  imperial  Troy  pound,  for  the  United  States  Mint,  and  pre- 
served in  that  establishment.  This  pound  is  a  standard  at  30 
inches  of  the  barometer  and  62°  of  the  Fahrenheit  thermometer.* 
The  English  standard  of  weight  is  connected  -with  that  of  meas- 
ure, by  the  enactments  that  277.274  cubic  inches  shall  constitute 
the  Imperial  Gallon,  and  that  the  weight  of  this  volume  of  pure 
water,  weighed  in  air  of  30  inches'  pressure  at  62°  P.,  shall  be 
taken  as  10  avoirdupois  pounds,  or  70,000  grains.  Tables  of  the 
subdivisions  of  the  two  units,  showing  their  relations  to  the 
French  system,  will  be  found  at  the  end  of  this  Part,  in  connec- 
tion with  the  other  tables  of  weights  and  measures. 

(66.)  Specific  Weight. —'Y:\\^  specific  weight  of  a  substance 
is  the  weight  of  one  cubic  centimetre  of  the  substance,  and  tliere- 
fore  bears  the  same  relation  to  the  weight  that  the  density  docs 
to  the  mass  (15).  If,  then,  we  represent  specific  weight  by 
SjO.  to,  we  have 

sp.to  =  f.  [50.] 

The  specific  weight  of  copper,  for  example,  at  Paris,  is  equal  to 
8.921  grammes.  The  term  specific  weight  must  not  be  con- 
founded with  specific  gravity,  which  will  be  explained  in  (69). 

The  specific  weight  of  a  substance  is  evidently  variable,  and, 
like  the  absolute  weight,  depends  on  the  intensity  of  the  force  of 
gravity. 

(67.)  Unit  of  Mass.  —  In  assuming  a  unit  of  weight,  we  have 
also  established  a  unit  of  mass.  If,  in  [48],  we  substitute  for  M 
unity,  and  for  g  the  intensity  of  gravity  at  Paris,  tlie  value  of 
to  becomes 

*  Raport  on  "Weights  and  Miiasures,  by  ProfMSor  A.  D,  Baelic,  Tkirty-fourtli  Con- 
gress, Tluni  Session.    Ex.  Doe.  No.  27. 
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ro  =  9.8096  grammes  ;  [51.] 

that  is,  the  unit  of  mass  weighs  at  Paris  9.8096  gram.  Any 
quantity  of  matter,  then,  -which  weighs  at  Paris  9.8096  gram., 
is  the  unit  of  mass.  Tiie  weight  of  the  unit  of  mass  evidently 
varies  with  tlie  intensity  of  gravity ;  thus,  at  the  poles  tlie  unit 
of  mass  weighs  9.8815  gram.,  at  the  equator  it  weighs  9.7806 
gram.  The  differences  are  very  much  greater  on  the  surfaces 
of  the  sun,  moon,  and  planets ;  thus,  on  the  sun  the  unit  of 
mass  weighs  about  277.5  gram.,  on  the  moon  about  1,654  gi'am., 
and  on  the  planet  Jupiter  about  26.243  gram.  In  general,  a 
quantity  of  matter  which  weighs  as  many  grammes  as  the  number 
which  expresses  the  intensity  of  gravity  at  the  place  of  observa- 
tion, is  equal  to  the  unit  of  mass. 

Prom  equation  [48]  we  have,  by  transposition,  ilf=  —  .  Hence, 
in  order  to  find  the  number  of  units  of  mass  of  which  a  body 
consists,  we  have  only  to  divide  its  weight  in  grammes  by  the  in- 
tensity of  gravity  at  the  place  of  observation.  For  example,  500 
grammes  of  iron  at  Paris  contain  g^lf^  ==  50.98  units  of  mass. 

(68.)  Density.  —  The  density  of  a  substance  has  been  defined 
as  the  mass  of  one  cubic  centimetre  of  the  substance  (15),  and 
from  [1]  we  have  2>  =  -j^j  or,  substituting  for  M  its  value,  — , 
and  then  for  ^  the  symbol  Sp.  tO,  we  obtain 

B^  ~  =  ^^  (units  of  mass).  [52.] 

The  density  of  copper,  for  example,  is  equal  to  ^^^^  =  0.909 
unit  of  mass.  Density  has,  therefore,  the  same  relation  to  spe- 
cific weiglit  that  mass  has  to  weight.  It  is  always  equal  to  the 
■  weight  of  one  cubic  centimetre  of  the  substance  divided  by  the 
intensity  of  gravity.  It  is  evidently  a  constant  quantity,  and 
does  not  vary  with  the  intensity  of  gravity. 

(69.)  ^ecijic  Gravity.  —  The  speciiic  gravity  of  a  substance 
is  tlie  ratio  of  its  absolute  weight  to  that  of  an  equal  volume  of 
pure  water  at  4°  0.  and  at  the  same  locality.  If  tO  represents 
the  absolute  weight  of  the  substance  at  any  place,  and  iJJ'  the 
t  of  an  equal  volume  of  water  at  the  same  place,  then 

Si..&.=  fe,  [53.] 
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Moreover,  since  tU  =  31.  g;  and  ly  =  M' .  g-,  wo  have,  .ilso, 

*«>•■  =  ;?.;*  =  §•  P^-] 

Hence  the  specific  gravity  of  a  substance  is  likewise  tlie  ratio  of 
its  mass  to  the  mass  of  an  equal  voiumo  of  ■water.  It  is,  there- 
fore, like  the  density,  a  constant  quantity,  and  does  not  vaiy  with 
the  intensity  of  gravity. 

In  the  Freucli  system,  one  cubic  centimetre  of  water  at  4'  C 
weighs  at  Paris  one  gramme,  and  hence  at  Paris  the  weight  in 
grammes  of  a  given  volume  of  wafer  at  4°  C.  is  always  equal  to 
the  number  of  cubic  centimetres.  We  may  therefore  substitute 
in  [53],  for  tB',  tho  volume  in  cubic  centimetres.  If  we  also 
designate  by  W  the  absolute  weiglit  of  a  body  at  Paris,  and  by 
Sp.  W.  the  specific  weight  at  Paris,  we  can  obtain  from  [53] 
and  [50], 

Sp.Gr.=  ^=  Sp.W.  [55.] 

From  this  eqiiation,  it  appears  that  the  numbers  expressing 
the  specific  gravity  of  a  substance  and  its  specific  weight  at 
Paris  are  always  the  same  in  the  French  system.  The  difference, 
however,  between  the  two  is  an  essential  one.  Sp.  W.  always 
stands  for  a  certain  number  of  grammes,  Wt  Sp,  Gr.  is  a  ratio. 
When  we  say  that  the  specific  weight  of  copper  is  8,921  grammes, 
we  mean  that  one  cubic  centimetre  of  copper  weighs  at  Paris 
this  number  of  gi-ammes ;  but  when  we  say  that  the  specific 
gravity  of  copper  is  8.921,  we  merely  mean  that  a  voiumo  of 
copper  weighs  8,921  as  much  as  the  same  volume  of  water.  TJie 
first  number  is  variable,  depending  on  the  unit  of  weight  used ; 
the  last  is  invariable,  and  hence  the  same  with  all  systems  of 
weights.  It  is  only  in  the  French  system  of  weights  that  the  two 
mimbers  are  the  same. 

We  can  easily  obtain  from  [55], 

r=-j-^,     and     W=V.Sp.Gr.  [56.] 

These  simple  formidaj  should  be  remembered,  as  they  will  bo 
constantly  used  in  tlie  course  of  this  work.- 

It  is  more  usual  to  refer  the  specific  gravity  of  gases  to  air, 
as  a  standard  of  comparison,  tlian  to  water.  It  will  be  shown 
hereafter  tliat  ilie  weight  of  a  given  volume  of  air  varies  very 
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greatly,  botli  with  the  temperature  and  the  atmospheric  pressiire 
to  which  it  is  exposed  ;  and  it  is  thei-efore  essential,  in  using  air 
as  a  standai-d  of  compai-ison,  to  adopt  arbitrai-ily  a  certain  tem- 
perature and  pressure,  at  irhich  it  shall  be  considered  as  the  stand- 
ard. The  temperatiire  wJiich  has  been  generally  agreed  upon 
is  0°  C,  and  tlie  pressure  which  has  been  adopted  is  that  cor- 
responding to  a  height  of  76  c.  m.  of  the  bai-ometer. 

We  may  then  define  the  specific  gravity  of  a  gas  as  the  ratio  of 
its  weight  to  that  of  an  equal  volume  of  air  at  0°  C,  and  under  a 
pressure  of  76  c.  m.  Representing  by  W  the  weight  of  a  given 
volume  of  gas  at  Paris,  and  by  W'  and  W"  the  weights  respec- 
tively of  the  same  volumes  of  water  and  air  at  the  standai-d  tem- 
peratures and  pressure,  —  also  representing  by  Sp..Gr.  the  spe- 
cific gravity  of  the  gas  referred  to  water,  and  by  Sp.  Gr.  the 
specific  gravity  referred  to  air,  — we  have 

Sp.Gr.  =  -^,     and     Sp.Gr.  =-^.  [57.] 

When  the  specific  gi'avity  of  a  given  substance  is  referred  to 
one  standard,  it  is  frequently  required  to  calculate  its  specific 
gravity  with  reference  to  the  other,  or,  iu  technical  language,  to 
reduce  the  specific  gravity  to  the  other  standai-d.  For  this  pur- 
pose, we  know  that  tlie  specific  gravity  of  air  with  reference  to 
water  is  equal  to  0.00129363.  Hence,  -^  =  0.0012936S,  and 
by  substituting  the  value  of  W',  obtained  from  this  in  [57],  we 
can  easily  obtain 

Sp.  Gr.  =  Sp.  Gr.  0.00129363,  [58.] 

a  formula  by  means  of  which  tlie  reduction  can  easily  be  made. 

A  table  giving  the  specific  gravities  of  some  common  substances 
will  be  found  at  the  end  of  this  Part. 

(70.)  Unit  of  Force.  ~  The  unit  of  force  has  been  defined  as 
that  force  which,  acting  on  the  unit  of  mass  during  one  second, 
will  impress  upon  it  a  velocity  of  one  metre  (29).  Since  the 
unit  of  mass  weighs  at  Paris  9.810  grammes,  we  can  also  define 
the  unit  of  force  as  that  force  which,  acting  during  one  second, 
will  impress  on  9.810  grammes  of  matter  a  velocity  of  one  metre. 
Moreover,  it  follows  from  [14]  that  a  force  which  will  impress 
during  one  second  a  velocity  of  one  metre  on  9.810  grammes  of 
matter,  is  equal  to  the  force  which  will  impress  a  velocity  of  9.810 
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metres  on  one  gramme  of  matter.  But  this  force  is  the  samo  as 
tiie  force  exerted  by  gravity  on  one  gramme  of  matter.  In  otlier 
■words,  it  is  equal  to  the  \reiglit  of  one  gi^ammc.  We  have,  then, 
a  new  measure  for  our  imit  of  force.  The  unit  of  force  is  the 
force  exerted  in  pressure  by  the  unit  of  weight.  Whon  a  weight 
of  ten  grammes,  foe  example,  is  suspended  to  a  fixed  point, 
the  pressure  exerted  by  that  weight  is  equivalent  to  ten  units  of 
force. 

(71.)  Relative  Weig-ht.  — There  are,  in  general,  two  methods 
by  which  the  weight  of  a  body  (tliat  is,  the  pressure  which  it  ex- 
erts) may  be  determined. 

The  fii-st  method  consists  in  balancing  the  pressure  against  a 
spring,  and  determining  tlie  weight  from  the  amount  by  which  the 
spring  is  bent.  An  instrument  for  tliis  purpose  is  represented  in 
Fig.  35.  It  consists  of  a  steel  spring,  bent  in  the  form  of  a  Y. 
To  the  end  of  the  lower  ai-m  is  fastened  an  iron  arc,  whicli  passes 
freely  through  an  opening  in  the  ^^pper  arm,  and  ends  in  a  ring. 
To  the  end  of  the  upper  arm  a  similar  iron  arc  is  fastened,  whidi 
passes  through  an  opening  in  the  lower  ann,  and  terminates 
11  I  u  g  tl  n  ti-ument,  the  body  to  be  weighed 
I  d  ly  the  hook,  as  in  Fig.  35,  and 
1  f   grammes  by  which  the  spring 

t  then   read   off   on    the    graduated 

S     1  an  instrument  is  called  a  spring  bal- 
1    ndicates  at  once  the  absolute  weight 
ly      Could  it  be  made  sufficiently  deli- 
t      t  w  uld  show  that  the  absolute  weight  of 
b  dy  d  on  the  earth's  surface,  gradually 

e       g  f  o  n  the  equator  towards  the  poles. 
SI  n  t  ument  would  give  tlie    absolute 

w    ^It    f      I    ly. 

Tl  1  method  consists  in  preparing  a  set 

t  11  1  w     It    wl     1  a     masses  of  brass  or  platinum  weigh- 

ing exactly  one  gramme,  or  some  multiple  or  fraction  of  a  gramme, 
at  Paris.  Tlie  weight  of  a  body  is  then  estimated  by  balancing  it 
against  these  weights  in  a  well-known  instrument  called  the  bal- 
ance. The  balance  is  merely  a  form  of  tlie  lever,  so  constructed 
that,  when  eqiial  pressures  are  exerted  on  its  two  pans,  the  beam 
stands  in  a  horizontal  position.  The  body  to  bo  weighed  is 
placed  in  ouo  pan,  and  then  weights  ai-e  added  to  the  other  until 
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tho  boara  of  tlio  balance  rests  in  a  horizontal  position,  Tlie  sum 
of  tliese  -weights  then  indicates  the  -weight  of  the  body.  At  Paris 
the  bilance  indicates  at  once  the  absolute  weight  of  a  body,  but 
not  nei^essanly  so  it  other  pi  ices  on  the  earth  s  suifico  T)  il- 
lustrate this  point,  let  ni  suppose  that,  m  -iveiohiDj,  it  Pans,  it 
lequired  ten  giammes  -weight  in  oni,  pan  of  the  balance  to  equi- 
poise tlie  body  in  the  other  pan  '^uipose,  now,  that  we  tians- 
poit  the  whole  apparatus  to  some  point  on  the  er[uatoi  It  is 
evident  tliat  oui  gramme  weights  no  longei  weieh  one  gnmme 
each  but  something  less,  by  an  amount  easily  calculated  from 
the  diminution  in  tlie  intensity  of  gia-nty  Neyeithele  s  since 
the  body  haa  lo^t  -weight  m  the  same  propoition,  it  will  still 
be  balanced  by  the  ten  gramme  weights,  and  so  it  would  be  aU 
OTei  the  globe  TI11&  weight,  which  is  fiequently  called  relative 
weight  -will  always  be  designated  m  this  work  by  W,  in  oidtr  to 
distm^ni'i]!  it  fiom  the  absolute  weight  at  othei  localities  which 
-^i )  1  Hi.  dieadydesynitLd  bj  tO  ncnce-v\e  lnM_,from  £4&J, 
^^  =M    9  809b,     and     to  =  U   5,  [  9  j 

Since  the  foice  of  gravity  at  any  given  locality,  and  hence  at 
Paris,  does  not  vary,  it  follows  that  the  relative  weiglit  of  a  body, 
or  W,  is  a  constant  quantity  ;  the  same  at  any  point  on  the  sur- 
face of  our  globe,  and  tho  same  ou  the  sim,  moon,  and  planets 
as  it  is  on  the  earth. 

We  can  easily  find  the  absolute  weight  of  a  body  at  any  local- 
ity, when  its  relative  weight  is  known,  Eepresenting,  as  above, 
by  W  the  i-elative  weight  of  the  body,  and  by  tO  the  absolute 
weight  required  at  the  place  in  question,  wc  have,  from  [59], 

to  :    W=M.g  ;  M .  9.8096,  [60.] 

and 

to-^f-siiiHi;  [61.] 

that  is,  the  absolute  weight  of  a  body  at  any  place  is  equal  to  the 
absolute  weight  at  Paris  (or  the  relative  weight  of  the  body  at  tlie 
place)  multiplied  by  the  ratio  between  the  intensity  of  gravity  at 
the  place  and  tliat  at  Paris. 

In  almost  all  cases  the  weight  of  a  body  is  determined  by  the 
balance,  and  hence,  when  the  French  system  of  weights  is 
used,  the  weight  of  a  body  thus  estimated  is  its  absolute  weight 
at  Paris  ;   and  in  this  work,  when  the  weiglit   of   a  body  is 
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Spoken  of,  it  must  always  be  xinderstood  to  be  its  relative 
ireigbt,  that  is,  its  absolute  ■weight  at  Paris,  unless  the  reverso 
is  expressly  stated.  As  a  general  nile,  it  is  unimportant  to  know 
the  absolute  weight  of  a  body  at  any  given  place.  We  use  the 
balance  to  estimate  the  relative  amounts  of  matter  in  different  bod- 
ies. Now  ten  grammes  of  gold  relative  weight  is  the  same  quan- 
tity of  matter  in  all  localities  ;  but  ten  grammes  of  gold  absolute 
weight  is  a  larger  amount  of  gold  in  Peru  than  it  is  in  Paris. 
Hence,  if  we  estimate  the  quantity  of  matter  everywhere  by  rela- 
tive weight,  we  can  compare  directly  the  weights  taken  in  dif- 
ferent places ;  while,  on  the  other  hand,  if  we  estimated  it  by 
absolute  weight,  we  should  be  obliged  in  most  cases  to  correct 
tlie  weights  before  comparing  them  for  the  difference  in  the  in- 
tensity of  gravity. 

This  subject  may  be  made  still  clearer  to  some  persons  by  put- 
ting it  into  a  mathematical  form.  Representing  by  m  the  mass 
of  the  unit  of  weight  at  Paris,  we  have  Igr.^m  .  9.8096. 
By  comparing  this  equation  witli  Tr=  M .  9.8096,  wc  obtain 

that  is,  the  relative  weight  of  a  body  indicates  the  quantity  of 
matter  which  it  contains,  compared  with  tliat  contained  in  one 
cubic  centimetre  of  water  at  i'  C.  It  is,  therefore,  a  legitimate 
measure  of  the  quantity  of  matter  contained  in  a  body. 

As  we  have  used  W  to  denote  the  absolute  weight  of  a  body 
at  Paris,  so  we  shall  use  Sp.  W.  to  denote  the  specific  weight  of 
a  substance  at  Paris,  or  its  relative  specific  weight.  Substituting 
TTfor  to  in  [50],  we  obtain 

Sp.  W.  =  ^.  [63.] 

Tins  quantity,  like  the  relative  weight,  is  evidently  constant ;  and 
when  the  specific  weight  of  a  substance  is  mentioned  in  this  work, 
its  relative  specific  weight  is  always  to  bo  understood,  unless  the 
reverse  is  expressly  stated. 

Substituting  in  [63] ,  for  W,  its  value,  wo  obtain 

[64.] 

which  gives  the  relation  between  the  relative  specific  weight  of  a 
substance  and  its  density. 
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(72.)  Lever.  —  Before  studying  tlio  theory  of  the  balance,  it 
is  important  to  consider  Iho  general  theory  of  the  lever,  of  which 
tiie  balance  is  only  a  single  example. 

A  lever  is  any  rigid  bar,  A  B  (Fig.  36),  resting  on  a  point,  c, 
round  -which  two  forces  tend  to  turn  it  in  opposite  directions. 


The  point  c  is  called  W\&  fulcrum.  The  force  applied  at  A  is  called 
the  power,  and  the  force  applied  at  B  is  called  the  resistance,  or 
the  weight.  Levers  are  commonly  divided  into  three  kinds,  ac- 
cording to  the  position  which  the  fulcrum  has  in  relation  to  the 
power  and  the  weight.  If  tlie  fulcrum  is  between  the  power  and 
the  weight,  as  in  Figs,  SG,  37,  the  Icycr  is  of  tlie  first  kind.     If 


the  weight  is  between  the  fulcrum  and  the  pow 
the  lever  is  of  the  second  kind.     If  the  powc: 
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fulcrum  and  the  weight,  a.s  in  Fig.  89,  the  lever  is  of  the  third 
kind. 

In  the  tiiree  kinds  of  lever,  the  perpendicular  distances  from 
the  fulcrum  to  the  lines  of  direction  of  the  two  forces  are  called 
the  arms  of  the  lever.  If  the  lever  is  straight,  and  perpendicular 
to  the  directions  of  both  of  the  two  forces,  tho  two  portions  of 
the  lever,  A  c  and  B  c.  Fig,  36,  are  themselves  the  arms  of  the 
lever.  If,  however,  the  lever  is  not  straight,  or  is  inclined  to 
the  direction  of  one  or  both  of  the  forces,  the  arms  of  the  lever 
are  the  perpendiculars,  a  c  and  b  c,  Fig.  37,  a  O  and  b  O,  Fig.  40, 
let  fall  from  the  fulcrum  on  these  directions. 

In  order  that  the  two  forces  applied  to  the  lever  shoiild  he  in 
equilibrium,  three  conditions  are  essential :  — 

1st.  The  lines  of  direction  of  the  two  forces  must  ho  in  the 
same  plane  with  the  fulcrum. 

2d.  The  two  forces  must  tend  to  turn  the  lever  in  opposite  di- 
rections. 

3d.  The  intensity  of  the  two  forces  must  he  to  each  other  in- 
versely as  the  lengths  of  the  arms  of  the  lever  to  which  tliey  may 
he  regarded  as  applied. 

That  these  three  conditions  are  essential  to  equilibrium  can 
easily  be  proved.     In  tlie  first  place,  it  is  evident  that  the  two 
forces  cannot  be  in  equilibiium,  unless   the  direction  of  their 
resultant  passes   through   the    fulcrum.     Now  it  can  easily  be 
proved,  that,  unless  the 
two    forces    are    in    the 
same    plane,    they    can 
liave    no    single    result- 
ant;   and  hence   follows 
the  necessity  of  the  first 
condition.    In  the  second 
place,  let  us  suppose.  Fig. 
40,  that  .<i  Q  and  S  P 
are  the  lines  of  direction 
of  two  forces  in  tho  same 
plane  with   the   fulcrum 
j.,g,  40  0,  and  that  G  is  the  point 

where  these  directions  in- 
tersect; tlien,  in  order  that  the  direction  of  the  resultant  OR 
should  pass  through  O,  it  is  evident  that  the  directions  of  the 


d  by  Google 


GENERAL   PRO  PR" 


i    OF    MATTER, 


99 


components  sliould  Tjo  such  that  they  would  tend  to  turn  the 
lever  in  opposite  directions. 

The  necessity  of  the  third  condition  'will  be  most  readily  seen 
if  studied  under  two  cases.  In  the  first  place,  let  us  take  tlie 
case  where  the  two  forces  are  parallel,  as  in  Fig.  37.  It  has  been 
proved  (3T)  that  the  point  of  application  of  the  resultant  of  two 
parallel  forces  divides  the  line  joining  the  points  of  application 
of  the  components  into  two  parts,  which  are  inversely  propor- 
tional to  the  intensities  of  the  forces.  Hence  it  follows,  that, 
in  order  tliat  the  direction  of  tlie  resultant  in  Pig.  37  should  pass 
through  the  fulcrum,  the  two  forces  applied  at  A  and  B  must  be 
inversely  proportional  to  ^  c 
and  B  c,  and  hence  also  to 
a  c  and  b  c,  which  are  the 
arms  of  tlic  lever.  In  the 
second  place,  let  us  suppose 
that  the  directions  of  the 
forces  are  not  parallel,  as 
in  Fig.  41.  In  this  figure, 
A  Q  and  B  P  represent 
the  directions  of  the  forces, 

which  we  will  represent  by  F  and  F',  and  a  O  and  b  O  the  arms 
of  the  lever.  By  the  principle  of  (32) ,  tlie  effect  of  these  forces  is 
the  same  as  if  they  were  apphed  respectively  at  a  and  b,  points 
which  we  may  consider  as  immovably  united  to  the  lever.  From 
0  as  a  centre,  with  a  radius  equal  to  0  b,  the  longer  arm  of  the 
lever,  describe  an  arc  which  will  intersect  the  direction  J.  Q  at  a 
point  c ;  then  wo  shall  have  Oc=Ob.  By  the  same  principle  as 
above,  the  effect  of  the  force  F  is  the  same  as  if  it  were  applied 
at  c.  We  can  now  evidently  consider  this  force  as  made  up  of 
two  others,  one  acting  in  the  direction  O  c,  which  will  be  neu- 
tralized by  the  resistance  of  the  fixed  point  0,  and  the  other 
in  the  direction  c  q,  parallel  ia  B  P.  It  foUows,  now,  from  the 
equality  of  O  c  and  0  6,  that  the  lever  can  be  in  equilibrium 
only  when  the  force  F'  equals  that  component  of  the  force  F 
which  acts  in  the  direction  c  q.  Let  us  suppose  that  F=  c  Q, 
and  hence  that  the  component  is  equal  to  c  q,  we  have  then,  as 
the  condition  of  equilibrium,  F'  =  cq.  But  from  the  similarity 
of  the  triangles  cq  Q  and  c  Oa,-we  have  cq  :  Oa'=  c  Q  :  c  0, 
and  by  substitiition, 
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F'  :  Oa^F:  Ob.  [G5.] 

It  is,  then,  also  a  condition  of  equilibrium,  that  the  two  forces 
should  be  to  each  other  inversely  as  the  lengths  of  tlio  arms  of 
the  lever,  the  point  which  Tras  to  be  proved.  "We  have  proved 
the  validity  of  the  three  conditions  of  eqniUbrium  for  the  first 
kind  of  lever  only ;  but  this  proof  can  easily  be  extended  to  the 
second  and  third  kinds  of  lover. 

From  proportion  [65]  we  obtain,  by  multiplying  together  tlie 
extremes  and  the  means,  J^X  Oa^=  F'  X  Ob.  The  product 
of  the  intensity  of  a  force  by  the  length  of  the  perpendicular  let 
fall  from  a  fixed  point  to  the  line  of  direction  of  the  force,  is 
called  the  moment  of  the  force  with  respect  to  the  point.  Since 
0  a  and  O  b  are  such  perpendiculars,  it  follows  that,  when  a  lever 
is  in  equilibrium,  the  moments  of  the  powet  and  resistance  are 
equal. 

It  follows  from  what  has  been  said,  that  the  tendency  of  the 
power  to  turn  the  lever  may  be  augmented  either  by  increasing 
the  amount  of  the  power,  or  by  increasing  the  length  of  the  arm 
of  the  iover  on  which  it  acts  ;  that  is,  by  increasing  the  perpen- 
dicular distance  of  the  direction  of  the  force  from  the  fulcrum. 
In  either  case,  the  effect  will  be  increased  in  a  corresponding 
proportion.  Thus,  if  we  remove  the  power  to  double  its  distance 
from  the  fulcrum,  we  shall  double  its  effect ;  and  if  we  remove  it 
to  half  the  distance,  we  shall  diminish  its  eifect  by  one  half.  The 
perpendicular  distance  of  the  direction  of  a  force  from  the  ful- 
crum is  called  its  leverage ;  and  it  is  evident  that  the  effect  of 
any  force  applied  to  a  lever  will  be  proportional  to  its  leverage. 

(73.)  The  Balance. — The  instrument  by  means  of  which  the 
weight  of  a  substance  is  compared  with  the  unit  of  weight,  is 
called  a  Balance.  It  is  generally  made  of  brass,  and  consists 
essentially  of  an  upright  pillar  supporting  a  beam,  B  B,  Kg, 
42,  which  turns  upon  a  knife-edge,  placed  exactly  at  the  mid- 
dle of  its  length.  From  the  two  ends  of  the  beam  are  sus- 
pended the  pans,  in  which  the  weights  to  be  compared  are 
placed.  The  knife-edge  is  formed  by  a  triangular  steel  prism 
passing  through  the  beam,  whoso  axis  is  exactly  at  right  angles 
with  the  plane  of  tlie  beam.  The  lower  edge  of  the  prism  is 
sharp,  and  rests  upon  an  agate  plane,  so  as  to  make  the  friction  as 
small  as  possible.  For  the  same  reason,  the  hooks  by  which  the 
pans  are  suspended  rest  also  on  knife-edges.     These  knife-edges 
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are  ndju'^tcd  peijjendiLuhilj  to  the  plane  of  tht,  hi  \ra  in<l  on  the 
samu  level  as  the  fulcrum  TIr  fulcium  is  fo  plic<  .1  tint  the 
ceiitie  of  griTitj  of  the  heara  shall  be  "ihghtly  below  it,  so  that 


when  111  equilibrium  the  beam  will  tend  to  come  to  r  ^t  in  a 
horizont.1.1  position  The  centie  of  gravity  can  be  adiusted  by 
means  of  the  button  C,  Fig  42,  which  can  be  moved  up  oi  down 
on  the  SGI ew  to  which  It  IS  fastened.  The  long  mde-^  icd  atticbed 
to  the  beam  below  the  knife-edge  indicates,  by  the  graduated  arc, 
when  the  beam  is  horizontal.  When  the  balance  is  not  in  use, 
the  beam  can  be  lifted  oif  from  its  bearing,  and  supported  upon 
the  brass  arms  E,  E.  These  are  attached  to  the  cross-piece  a  a, 
which  can  be  raised  or  lowered  by  turning  the  thumb-screw  O. 
The  motion  of  the  cross-piece  is  directed  by  the  two  pins  A,  A, 
which  play  loosely  through  holes  at  its  two  ends. 

A  balance  is  evidently  a  lever  with  equal  arms,  and,  according 
to  the  principle  of  the  lever,  if  equal  weights  are  placed  in  the  two 
pans,  they  will  exactly  balance  each  other.  The  balance,  there- 
fore, enables  us  to  compare  the  weight  of  a  substance  with  the 
unit  of  weight.  We  have  simply  to  place  the  substance  in  one 
pan  of  the  balance,  and  tlien  add  weights,  which  have  been  ad- 
justed by  the  standard  unit,  to  the  other,  until  the  beam  assumes 
a  horizontal  position,  or  until  it  vibrates  to  an  equal  distance  on 
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both  sides  of  this  position,  —  as  can  be  observed  by  the  motion  of 
the  index  oTer  the  graduated  arc.  Tlie  sum  of  the  freights  re- 
quired to  balance  tlie  substance  is,  then,  its  relative  weight  in 
terms  of  the  unit  of  weight  employed. 

The  usefulness  of  a  balance  depends  upon  two  points,  —  1st,  its 
accuracy,  and,  2dly,  its  sensibility  to  sliglit  differences  of  weight. 
Au  examination  of  the  conditions  on  which  these  depend,  will 
lead  us  to  understand  better  the  principle  of  this  very  important 
instrument.  From  the  mode  in  which  the  pans  of  a  balance  are 
suspended,  it  is  obvious  that  we  may  regard  their  whole  we^ht 
as  concentrated  on  the  knife-edges  at  the  ends  of  the  beam.  In 
a  theoretical  consideration  of  the  subject,  we  may  therefore  leave 
the  pans  entirely  out  of  view,  and  consider  any  weight  placed  in 
them  as  directly  applied  to  the  knife-edges,  thus  reducing  the 
balance  to  a  straight  lever.  From  another  point  of  view,  the 
whole  weight  of  the  beam  and  pans  may  be  considered  as  con- 
centrated at  the  centre  of  gravity,  when  the  balance  becomes  a 
pendulum,  whose  point  of  suspension  is  the  fulcrum  of  the  beam. 
These  two  mechanical  principles,  combined  in  the  balance,  have 
constantly  to  be  kept  in  view  in  studying  its  theory.  It  will  then 
be  easy  to  understand  the  following  circumstances,  on  wliicli  the 
accuracy  and  sensibihty  of  the  instrument  depend. 

1,  It  is  necessary  that  the  distances  of  the  two  knife-edges 
from  the  fulcrum  should  be  exactly  equal;  for  if  the  distance  from 
tlie  fulcrum  of  the  point  of  suspension  of  one  pan  were  greater 
than  that  of  the  other,  then  a  weight  placed  in  the  first,  acting 
under  a  gi-eater  leverage,  woiild  balance  a  larger  weight  in  the 
last,  and  the  larger  in  proportion  to  the  inequality  of  the  two 
arms  of  the  beam. 

2.  It  is  necessary  that  the  centre  of  gravity  of  the  beam  and 
pans  should  be  beloiv  the  fulcrum,  and  as  near  to  it  as  possible. 
Were  the  centre  of  gravity  at  the  fulcrum,  the  beam  would  not 
oscillate,  \mt  remain  in  whatsoever  position  it  were  placed. 
Were  it  above  the  fulcrum,  the  beam  would  be  overset  by  the 
slightest  impulse.  Wlien  it  is  below  the  fulcrum,  the  beam,  as 
already  stated,  may  be  regarded  as  a  pendulum,  whose  axis  co- 
incides with  the  line  joining  the  fulcrum  and  centre  of  gravity. 
As  this  line  forms  right  angles  with  the  axis  of  the  beam  in  whatr 
ever  position  the  latter  may  be  placed,  and  as  the  pendulum 
tends  always  to  fail  back  to  the  perpendicular  position  whenever 
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removed  from  it,  it  folloivs  that,  if  we  impart  an  impulse  to  the 
lieam  of  a  properly  adjusted  balance,  it  will,  after  vibrating  for 
some  time,  invariably  return  to  a  horizontal  position.  Tlie  centre 
of  gravity  of  the  beam  is  exactly  under  the  fulcrum,  and  in  a  line 
at  right  angles  to  the  axis  only  when  the  two  pans  are  equally 
loaded.  If  unequally  loaded,  the  centre  of  gravity  is  to  the  right 
or  to  the  left  of  this  line  ;  and  in  that  case  the  beam  tends  to 
come  to  rest  at  an  angle  to  the  horizontal  position,  rapidly  in- 
creasing with  the  inequality  of  the  weight  until  the  beam  is  entirely 
overset.  In  weighing  with  a  delicate  balance,  it  is  not  necessary 
to  wait  until  the  beam  comes  to  rest,  in  order  to  ascertain  whether 
the  pans  have  been  equally  loaded.  This  can  be  ascertained  more 
promptly  by  noticing  the  amplitude  of  the  vibrations  of  the  index 
on  either  side  of  the  perpendicular,  by  means  of  the  graduated 
arc.     Thoy  will  bo  equal  only  when  the  weights  iu  tlie  two  pans 


Tiie  sensibility  of  a  balance  depends  in  gi-cat  measure  on  the 
nearness  of  the  centre  of  gravity  to  the  fulcrum.  In  order  that 
a  small  weight,  placed  in  one  pan  of  a  balance,  sliould  turn  the 
beam,  it  must  evidently  overcome  two  forces  ;  first,  the  friction 
of  the  knife-edges  on  their  bearings,  and,  secondly,  the  tendency 
of  the  beam  to  remain  in  a  horizontal  position.  Tliis  tendency 
depends,  as  has  already  been  shown,  upon  the  position  of  the 
centre  of  gravity  below  the  point  of  support.  Let  us  now  com- 
pare two  cases  iu  which  the  centres  of  gravity  are  at  different 
distances  from  tlie  fulcrum, 
and  ascertain  in  which  case 
the  force  required  to  turn 
the  beam  will  be  the  least. 
In  Pig,  43,  suppose  tlie  lino 
a  Z)  to  bo  the  axis  of  the 
beam,  O  the  fulcrum,  and 
g-  or  G  the  centre  of  grav- 
ity. We  have  now  to  in- 
quire in  what  position  of 
the  centre  of  gravity  it  will 

require  the  least  force  to  bring  the  beam  to  a  new  position,  a'  b'. 
In  order  to  bring  tlie  axis  of  the  beam  to  this  position,  it  will  be 
necessary  to  bring  the  centre  of  gravity  from  g-  to  g',  or  from  G 
to  G',     In  the  first  case,  it  will  be  necessary  to  raise  the  whole 
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weight  of  tlie  beam  and  pans,  -whicli  wo  suppose  concentrated  at 
g;  through  the  perpendicular  distance  g-  c ;  and  in  the  second 
case,  to  raise  the  same  weight  through  the  distance  G  E.  Since 
the  distance  g  e  \s  much  less  than  the  distance  G  E,  it  is  evi- 
dent tliat  it  will  require  a  less  force  in  the  first  case  than  in 
the  second.  Hence,  the  sensibility  of  the  balance  is  the  greater, 
the  nearer  the  centre  of  gravity  is  to  the  fulcnim, 

3.  It  is  important  that  the  points  of  suspension  of  the  pans 
should  be  on  an  exact  level  with  the  fulcrum.  The  importance 
of  this  condition  may  be  seen, 
by  remembering  that  an  in- 
crease of  weight  in  the  pans 
is  equivalent  to  adding  just 
so  much  weight  upon  the 
points  of  suspension,  and 
therefore  tends  to  draw  the 
centre  of  gravity  towards 
the  line  (Fig.  44)  connect- 
ing the  two.  If  this  line 
passed  above  the  fulci-um,  as 
in  Fig.  45,  then,  by  increas- 
ing the  weight  in  the  pans, 
the  centre  of  gravity  might 
be  brought  to  coincide  with, 
or  even  be  carried  above,  the 
fulcrum,  when  tlie  balance 
would  become  useless.  If 
this  line,  as  in  Fig.  45,  passed 
below  the  fulcrum,  an  increase  of  weight  in  the  pans  would  tend 
to  draw  down  the  centre  of  gravity  ;  and  thus,  by  increasing  its 
distance  from  the  fulcrum,  would  diminish  the  sensibility  of  the 
balance.  Wlien,  however,  the  line  passes  through  the  fulcrum, 
as  in  Fig.  46,  the  points  of  suspension  of  the  pans  are  on  an  ex- 
act level  with  the  fulcrum,  and  an  increase  of  load  always  tends 
to  raise  the  centre  of  gravity  towards  the  fulcrum  in  proportion  to 
its  amount ;  so  that  a  well-adjusted  balance  tlieoretically  should 
turn  with  the  same  weight,  whatever  may  be  the  load  placed  upon 
it,  from  the  smallest  to  the  largest  of  which  its  construction  admits. 
This  last  point  can  be  still  further  illustrated  in  the  following 
manner.     It  lias  already  been  shown,  that  the  weight  required  to 
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tiiTii  the  balance,  vlien  unloaded,  may  ho  measured  by  tbe  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
through  a  small  arc,  G  G'  (Fig.  4S),  when  applied  at  b'.  Let  us 
suppose  that  the  pans  are  loaded  with  a  weight  of  one  kilogramme 
each.  It  is  evident,  from  what  has  been  said,  that  this  is  equiv- 
alent to  condensing  a  mass  of  matter  equal  to  one  kilogramme 
at  -each  of  the  points  a  and  b.  The  centre  of  gravity  of  these 
masses  must  evidently  be  at  the  middle  of  the  line  a  b,  that  is, 
at  the  fulcrum  of  the  balance.  Since,  then,  this  additional  weight 
is  s\ipported  in  any  position  of  tlie  beam,  it  follows  that  the  weight 
required  to  turn  the  balance  is  still  measured  only  by  the  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
through  the  arc  G,  G',  or,  to  generalize,  the  absolute  weight  re- 
quired to  turn  the  balance  is  the  same,  whatever  may  be  the  load. 
This,  however,  is  only  theoretically  true,  for  in  practice  the 
weight  required  increases  with  the  load,  in  consequence  of  the 
increased  friction  and  the  slight  bending  of  the  beam  which  it 
causes.  While,  however,  the  absolute  weight  required  to  turn  tlie 
balance  increases  from  these  causes  with  the  load,  the  proportion 
of  this  weight  to  the  whole  load  diminishes.  This  is  what  is 
usually  meant  by  the  sensibility  of  the  balance,  and  in  this  sense, 
evidently,  the  sensibility  increases  with  the  load, 

4.  It  is  important  that  the  friction  of  the  knife-edges  on  their 
bearings  should  be  as  slight  as  possible.  The  importance  of  this 
circumstance  is  so  evident,  that  it  does  not  require  illustration. 
It  is  secured  by  a  careful  construction  of  the  knife-edges,  and  by 
making  the  beam  as  light  as  is  consistent  with  rigidity. 

In  endeavoring  to  combine  these  conditions,  the  balance-maker 
meets  with  many  practical  obstacles.  If  he  endeavors  to  increase 
tbe  sensibility  of  his  balance  by  diminishing  the  weight  of  the 
beam,  he  soon  finds  that  he  loses  as  much  as  he  gains,  by  the  in- 
creased flexure.  If,  again,  he  attempts  to  increase  the  sensibility 
by  lengtliening  the  beam,  he  soon  comes  to  a  limit,  beyond  which 
the  increased  leverage  is  more  than  compensated  by  the  increased 
friction  due  to  tbe  necessarily  increased  weight  of  the  beam. 
Nevertheless,  by  carefully  attending  to  the  necessaiy  conditions, 
balances  may  be  constructed  with  a  remarkable  degree  of  sensi- 
bility. They  have  been  made  so  delicate,  that,  when  loaded  with 
ten  kilogrammes,  they  will  turn  with  one  milligramme,  that  is, 
with  one  ten-millionth  of  the  load. 
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PROBLEMS. 

Centre  of  Gravity. 

61.  Two  maRses  of  matter  are  immovably  unitfid,  ./I  =  14  units  of 

mass,  and  5  =  10  units  of  mass.     What  is  the  position  of  their  common 

centre  of  gravity  ? 

52.  A  mass  of  matter,  A,  —  15  units  of  mass,  is  immovably  united  to 
a  second  mass,  B.  It  is  found  by  experiment  that  the  common  centre  of 
gravity  of  the  two  masses  is  nearest  to  A,  and  divides  the  liue  connecting 
the  masses  into  two  parts,  which  are  to  each  other  as  2  is  to  3.  What 
is  the  mass  of  _5? 

Intensity  of  the  Ikxrtk's  Attraction. 
In  these  problems,  the  etudent  is  expecled  to  use  the  values  of  g  given  in  the  table 
on  page  76. 

53.  What  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  body 
whose  mass  is  equal  to  25  units  of  mass  ?  What  is  the  intensity  of  the 
force  of  gravity,  at  Paris,  on  bodies  whose  masses  are  respectively  20,  60, 
720,  4S0,  and  510  units  of  mass  ? 

64.  What  is  the  intensity  of  the  earth's  attraction,  at  Pai-is,  on  a  body 
whose  mass  is  equal  to  0.1019  unit  ? 

Pendidum. 

55.  What  is  the  time  of  vibration,  at  Paris,  of  a  pendulum  which  is 
0,99394  metre  long?  What  are  the  limes  of  vibration  of  pendulums 
which  are  respectively  twice,  three  times,  four  times,  five  times,  and  nine 
times  this  length  ?  Tlie  amplitude  in  each  case  is  supposed  to  be  infi- 
nitely small,  and  the  pendulum  to  oscillate  in  a  vacuum. 

56.  If  the  amplitude  of  the  oscillation  of  the  pendulum  of  the  last  ex- 
ample is  90°,  how  much  would  the  duration  of  an  oscillation  be  increased  ? 
Solve  the  same  problem  for  amplitudes  of  10°,  20°,  40°,  and  50°. 

57.  If  the  pendulum  of  a  clock,  beating  seconds  at  Paris,  were  lenglh- 
ened  by  expansion  one  ten-thousandth  of  its  length,  how  many  seconds 
would  it  lose  each  day  ? 

58.  If  a  clock,  keeping  perfect  time  at  Paris,  were  carried  to  Spitzber- 
gen,  how  much  would  it  gain  each  day,  on  the  supposition  tliat  all  the 
conditions,  with  the  exception  of  the  intensity  of  gravity,  remained  the 
same  ?     How  much  would  it  lose  if  carried  to  the  equator  ? 

59.  A  pendulum  on  the  equator,  0.990934  metre  long,  was  found  to 
oscillate  in  one  second.     What  is  the  intensity  of  gravity  ? 

60.  A  pendulum  at  Paris  one  metre  long  was  found  to  oscillate  in 
1,00304  seconds.     What  was  the  intensity  of  gravity  ? 

Gl.  A  pendulum  at  Paris  four  metres  long  was  found  to  oscillate  in 
2,00608  seconds.     What  was  the  intensity  of  gravity  ? 
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62.  What  is  the  intensity  of  gravity  at  the  latitude  of  42°  21'?  "What 
is  the  lengih  of  the  seconds  pendulum  at  this  latitude  ? 

68.  What  is  the  intensity  of  gravity,  and  what  the  length  of  the  sec- 
onds pendulum,  on  the  following  parallels  of  latitude,  viz.  15",  22°,  56°, 
and  74"? 

64.  What  is  the  intensity  of  the  centrifugal  force  on  the  parallels  of 
latitude  of  5°,  20°,  30°,  50°,  and  70°  F  What  is  the  absolute  intensity  of 
gravity  on  these  parallels  ? 

65.  What  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Washington, 
Hew  Hampshire?  latitude  of  Mt.  Washington,  44°  15'.  Height  of 
summit  above  the  sear-level,  2,027  metres, 

66.  What  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Blanc  ?  Lat- 
itude of  Mt.  Blanc,  45°  50'.  Height  of  summit  above  the  sea-level, 
4,814  metres. 

67.  What  is  the  weight  of  a  body  containing  10  units  of  mass  at  Paris? 
"Whal  is  the  weight  of  the  same  body  at  Boston  ?  The  latitude  of  Boston 
is  42°  21'. 

68.  What  is  the  weight  of  a  body  containing  500  units  of  mass,  at  the 
equator  and  at  the  poles  ? 

69.  What  is  the  specific  weight  of  iron  at  Paris  ?  What  are  the  spe- 
cific weights  of  lead,  tin,  mercury,  sulphur,  sodium,  and  lithium,  at  Paris  ? 
and  also  at  Boston  ? 

3rass. 

70.  What  is  the  masS  of  100  kilogrammes  of  iron  ?  What  are  the 
masses  of  50  grammes  of  suljhur,  of  40  grammes  of  mercury,  of  90  kilo- 
grammes of  granite  when  the  \ilue  of  g  is  9.810  ? 

71.  What  is  the  mass  of  75  kilogrammes  of  ice,  of  20  kilogrammes  of 
common  salt,  of  '>0  grammes  of  lir,  when  g  =  9.810  ? 

72.  What  is  the  miss  of  a  cubic  decimetre  of  lead  ?  What  is  the  mass 
of  a  cubic  decimetie  of  i  e  ? 

73.  Wliat  is  the  mass  of  1,000  cubic  mefi-es  of  atmospheric  air  ?  ^lat 
that  of  the  same  volume  of  hydrogen  gas  ? 

Density. 

74.  What  is  the  density  of  hammered  copper  ?  What  is  the  density 
of  the  following  substances, — lead,  tin,  mercury,  sulphur,  sodium,  and 
lithium  ?  Calculate  the  density  from  the  Sp.  IFi  as  obtained  by  solving 
the  69th  example,  and  also  from  the  i^.  Gr.  given  in  the  Table  at  the  end 
of  this  Part. 

75.  What  is  the  density  of  air,  of  oxygen,  of  hydrogen,  and  of  nitrogen. 
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at  the  temperature  of  0°  C.  and  undor  a.  pressure  of  76  e.  m.  ?  The 
relative  weight  of  one  cubic  decimetre  of  these  gases  will  bo  found  iii 
Table  11.  at  the  end  of  this  Part. 

Jtelative  Weight. 

76.  The  absolute  weight  of  a  body  at  Paris  is  500  gram.  IVliat  is  its 
relative  weight? 

77.  The  relative  weight  of  a  body  at  New  Orleans  is  450  gram.  What 
is  its  absolute  weight  at  the  same  place  ?  The  latitude  of  New  Orleans 
is  29=  57'. 

78.  The  relative  weight  of  a  body  at  Paris  is  1,250  gram.  "What  is  its 
absolute  weight  at  Boston  ? 

79.  The  relative  weight  of  a  body  is  12,300  gram.  What  is  its  absolute 
weight  at  Quito?  The  latitude  of  Quito  is  0°  13'.5,  and  ila  elevation 
above  the  sea-level  is  2,908  metres. 

80.  The  relative  weight  of  a  body  is  5,450  gram.  Wiat  is  its  mass  ? 
Find  also  tJie  masses  of  the  bodies  whose  weights  are  respectively  560 
gram.,  4,945  gram.,  and  500  gram. 

81.  Therelaliveweiglitof  abody  is5,255gram^its  volume  is  500  c- m.^ 
What  is  its  mass  ?  what  is  its  density  ?  and  what  is  its  specific  gravity  ? 

82.  The  specific  gravity  of  a  body  is  7.248,  and  lis  \T3lurae  500crnr.^ 
"Wh^  is  its  density,  mass,  and  weight  ? 

83.  The  mass  of  an  iron  cannon  is  5,000  units,  and  its  specific  gravity 
7.248.     What  is  ifs  volume  and  density  ? 

84.  The  specific  gravity  of  a  gas  referred  to  water  is  0.00143028,  and 
its  volume  500  ml*     What  is  its  density,  mass,  and  weiglit  ? 

85.  What  is  the  specific  weight,  the  mass,  and  the  density  of  500  cTm,' 
of  raerctiry? 

Unit  of  Force. 

86.  A  body  having  a  density  of  20  units  and  a  volume  of  1,000  cTm.^ 
acquires,  under  the  influence  of  a  given  force,  an  acceleration  of  8  c.  m. 
each  second.     What  is  the  intensity  of  the  force  ? 

87.  A  body  whose  weight  is  100  kilogrammes  acquires  an  acceleration 
of  8  m.  each  second.     What  is  the  intensity  of  the  force  ? 

88.  A  body  whose  specific  gi-avity  is  2  and  whose  volume  is  50  ml^  ac- 
quires an  acceleration  of  10  m.  each  second.  What  is  the  intensity  of 
the  force  ? 

89.  On  a  body  weighing  100  kilogrammes  a  foFce  of  15  kilogrammes 
is  constantly  acting.    What  acceleration  does  it  impart  to  the  body  ? 

90.  To  a  body  whose  volume  equals  10  m?  a  force  of  300  kilogrammes 
imparts  a  constant  aceeleralion  of  10  m.  What  is  the  density  of  the 
body? 
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ACCIDENTAL  TKOPERTIES  OF  MATTER. 

(74.)  Divisibility.  —  We  have  now  considered  the  first  four 
of  the  general  properties  of  matter  enumerated  in  (7).  All 
of  these,  with  the  exception  of  weight,  are  essential  properties, 
and  are  necessarily  associated  with  the  very  idea  of  matter. 
The  four  general  properties  which  remain  to  be  studied  do  not 
seem  to  be  so  essential,  for  we  can  conceive  of  a  kind  of  matter 
which  should  not  po^ess  tliem.  This  is  true,  for  example,  of 
divisibility.  We  can  easily  conceive  of  a  kmd  of  matter  so  hard 
as  to  be  physically  indivisible,  although  no  such  matter  is  known 
to  exist.  In  feet,  all  kinds  of  matter,  even  the  hardest,  can  be 
subdivided,  and,  so  far  as  we  know,  indefinitely  ;  the  only  limit 
to  our  power  of  snbdivision  being  that  fixed  by  the  imperfection 
of  our  senses. 

The  extent  to  which,  in  some  cases,  the  snbdivision  may  be 
carried  is  almost  incredible.  Tlie  goldbeater  can  hammer  out  a 
single  gramme  of  gold  imtil  it  covers  a  surface  of  4,364  cm.',  when 
tlie  gold-leaf  is  so  thin,  that  fifteen  hundred  such  leaves  placed 
upon  one  another  would  not  equal  in  thickness  a  single  leaf  of  ordi- 
nary writing-paper.  The  surface  of  gold  on  the  gilt  wire  used  in 
embroidery  is  much  thinner  even  than  this.  It  has  been  calcu- 
lated tliat  its  thickness  does  not  exceed  one  ten-millionth  of  a 
centimetre  ;  and  if  so,  with  the  aid  of  the  microscope  magnifying 
five  hundred  diameters,  a  particle  of  gold  can  be  distinguished 
■upon  it  not  weighing  more  than  one  forty-two-million-millionth 
of  a  gramme. 

The  organic  kingdom  presents  us  with  examples  of  the  subdi- 
vision of  matter  which  are  still  more  remarkable.  The  micro- 
scope has  proved  the  existence  of  animals  which  are  as  minute  as 
the  particle  of  gold  mentioned  above,  and  yet  each  of  these  crea- 
tures is  composed  of  organs  of  locomotion  and  mitrition,  like 
the  larger  animals.  The  finest  human  hair  is  about  one  two- 
hundred-and-fortieth  of  a  centimetre  in  diameter.  This  is  gen- 
erally considered  very  fine ;  but  tlie  hair  is  a  massive  cable  in 
comparison  with  many  animal  fibres.  The  spider's  thread  is  in 
some  instances  not  more  than  one  twelve-tlionsandth  of  a  cen- 
timetre in  diameter,  and  yet  each  of  these  threads  is  formed 
by  the  union  of  from  four  to  six  thousand  fibrils.  It  has  been 
calculated  that  one  gi-amme  of  this  thread  would  reach  about 
fifty  miles. 

10 
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Science  Ima  not  succeeded  in  discovoi-iiig  a  limit  to  tlio  divisi- 
bility of  any  one  kind  of  matter.  Nevertheless,  tlie  opinion  has 
been  maintained,  and  is  still  held  by  many  scientific  men,  that 
matter  is  not  indefinitely  divisible,  and  that  all  bodies  are  made 
up  of  an  exceedingly  large  number  of  absolutely  hard,  and  hence 
indivisible  particles,  called  atoms.  According  to  the  atomic  the- 
ory, as  this  hypothesis  is  called,  the  ultimate  particles  of  matter 
are  indestructible  aud  unchangeable,  and  hence  all  physical  and 
chemical  phenomena  are  caused  by  changes  in  their  relative  posi- 
tion or  grouping. 

,  As  tliese  atoms  are  supposed  to  be  far  smaller  than  the  minut- 
est portions  of  matter  -whieh  we  can  distinguish  with  the  micro- 
scope, they  are  beyond  the  limits  of  direct  observation,  and  their 
existence  is  therefore  a  matter  of  inference  from  physical  and 
chemical  phenomena.  It  is  not  necessary,  however,  in  order  to 
explain  these  phenomena,  to  suppose  that  these  atoms  have  any 
absolute  size.  "Wo  may,  ivith  Newton,  regard  them  as  infinitely 
small,  that  is,  as  mere  points,  or,  as  Boscovisch  called  them,  Ta- 
riable  centres  of  attractive  and  repulsive  forces ;  and  all  the  phe- 
nomena can  be  as  fully  explained  on  this  supposition  as  on  the 
other.  According  to  tliis  view,  matter  is  purely  a  manifestation 
of  force,  and  only  continues  to  exist  through  the  constant  action 
of  that  Infinite  Will  with  whom  all  force  originates.  As  it  will 
be  constantly  necessary  to  refer  to  these  centres  of  attractive 
and  repulsive  forces  in  matter,  we  will,  for  convenience,  term  the 
minute  portions  of  matter  in  which  they  may  be  supposed  to  re- 
side molecules,  and  the  forces  themselves  molecular  forces. 

(75.)  Porosity.  —  The  interstices  between  the  different  parts 
of  bodies  are  called  pores.  The  visible  cavities  of  tlie  sponge, 
for  example,  are  pores  of  a  large  siae  ;  the  meshes,  of  which  its 
tissues  consist,  are  pores  of  a  smaller  size ;  but  in  addition  to 
these,  there  are  pores  between  the  fibres  of  the  sponge  themselves, 
although  they  are  so  minute  that  they  cannot  be  seen.  In  like 
manner,  a  thin  slice  of  the  hardest  wood,  examined  under  the 
microscope,  is  found  to  be  full  of  pores  (see  Figs.  47,  48)  ;  and 
the  same  is  true,  to  a  greater  or  less  degree,  of  all  organic  struc- 
tures, as  well  as  of  the  tissues  which  are  manufactured  with 
animal  or  vegetable  fibres.  The  porosity  of  such  substances  is 
well  illustrated  by  the  process  of  filtering.  The  filters  which  are 
used  in  the  arts  and  in  chemical  experiments  are  simply  irarons 
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E!g.  48. 

bodie'',  who've  pore';  aie   lai^e   enough  to  allow  fluids  to  pass 

tlijougli  them,  ?)iit,  on  the  othei  hind,  small  enough  to  arrest 

the  '■olid  paitielef,  which  thoy  hold  m 

su^pen'^ion      The   simplest  and   most 

useful  form  of  a  filtei  is  a  cone  of 

poioub   pijiei    supported  m  a    gli&s 

tunnel 

Iho  poiosit)  of  organic  substancca 
may  also  be  illustrated  by  the  appi 
ratus  lepreaented  in  Pig  ■1'*  It  con 
sists  of  a  glass  tube,  A,  closed  fiom 
above  by  a  plug  of  hard  wood  cut 
transvei-sely  to  its  fibres,  or  by  a  piece 
of  chamois  skin,  as  is  represented  at  o. 
Ihe  whole  i&  suimountcd  by  a  tunnel 
shiped  cup  which  may  be  filled  with 
mticui}  On  cxliiusting  the  tube  by 
means  of  in  iir  pump,  the  picssure  of 
111  on  the  surf  ICC  of  thu  niercuiy 
foiccb  it  thioui?h  the  poits  of  the  dia 
phragm,  so  that  it  Ullo  in  "-howeis 
through  tlie  tubn 

A  lump  of  chilk  plunsjed  iindti 
witoi,  and  placed  undci  the  icccnei 
of  an  air  pump  will  on  withdiiwing 
the  air,  expel  a  torrent  of  air-bubbles,  whicli  had  been  concealed 
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ill  the  internal  pores  of  the  stone.  The  same  is  true  of  many 
other  varieties  of  stone.  There  is  a  kind  of  agate,  called  hydro- 
pliane,  which  in  its  ordinary  state  is  only  semi-transparent,  but 
after  being  plunged  in  -water  takes  up  about  one  sixth  of  its  bulk 
of  that  fluid,  and  becomes  nearly  as  traiispai-ent  as  glass.  The 
porosity  of  metals  was  proved  by  the  Academicians  of  Florence 
in  the  year  1661.  They  filled  a  hollow  hall  of  gold  with  water, 
and  submitted  it  to  great  pressure,  by  which  the  liquid  was 
made  to  ooze  tlirough  the  pores  of  the  metal.  The  same  exper- 
iment has  since  been  repeated  on  different  metals,  and  with  like 


The  porosity  of  gases  and  liquids  is  proved  by  their  power  of 
penetrating  each  other  without  a  corresponding  change  of  vol- 
time.  This  is  illustrated  by  an  experiment  devised  by  Reau- 
mur. He  filled  a  long  tube  closed  at  one  end,  half  with  water 
and  the  remainder  with  alcohol.  Having  carefully  closed  the 
mouth  of  the  tube,  he  inverted  it  in  order  to  mix  tlie  two 
liquids,  when  lie  found  that  a  contraction  of  the  liquids  took 
place. 

Another  experiment,  illustrating  the  same  property  in  regard 
to  gases,  is  the  following.  A  globe  containing  air  is  so  arranged 
that  small  quantities  of  liquids  can  be  introduced  into  it  without 
allowing  the  air  to  escape.  If,  now,  a  few  drops  of  alcohol  aro 
made  to  enter  the  globe,  this  alcohol  will  evaporate  to  as  great  an 
extent  as  if  the  globe  were  empty,  and  the  space,  which  before 
contained  only  air,  will  now  contain  both  air  and  alcohol  vapor: 
If,  next,  some  ether  is  forced  into  the  globe,  this  liquid  will  also 
evaporate,  and  exactly  as  much  ether  vapor  will  be  formed  as  if 
the  globe  had  contained  previously  neither  air  nor  alcohol  vapor, 
and  we  shall  then  have  the  space  occupied  simultaneously  by 
air,  alcohol  vapor,  and  ether  vapor.  In  like  manner,  we  may  in- 
troduce any  number  of  volatile  liquids  into  the  globe,  and  yet,  so 
far  as  we  know,  each  of  these  will  evaporate  to  the  same  extent 
as  if  the  globe  were  entirely  empty,  provided  only  that  these  sub- 
stances do  not  act  chemically  on  each  other.  We  may  thus  have, 
as  the  result  of  spontaneous  evaporation,  twenty  or  thirty  differ- 
ent vapors,  all  existing  simultaneously  in  the  same  space. 

By  the  experiments  which  have  been  cited,  tlie  porosity  of  most 
substances  can  be  abundantly  proved.  The  porosity  of  glass, 
however,  and  of  many  other  substances,  does  not  admit  of  such 
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proof;  yot  in  these  substances  the  porosity  is  rendered  quite  evi- 
dent by  the  changes  of  bulk  which  they  undergo  under  the  in- 
fluence of  heat  and  cold, 

"VVo  make  an  obvious  distinction  between  the  large  pores,  which 
exist  especially  in  organized  bodies,  and  the  intermolecular  spa^ 
CCS.  The  first  arise  from  the  want  of  continuity  of  the  matter, 
and  may  be  regarded  in  a  measure  as  accidental,  varying  with 
the  structure  and  organization  of  the  body.  They  are  frequently 
visible  to  the  naked  eye,  or  at  least  become  evident  with  the  aid 
of  the  microscope.  The  last  are  the  exceedingly  minute  and  in- 
visible spaces  which  exist  between  the  molecules  of  matter.  Those 
philosophers  who  have  admitted  tlie  existence  of  atoms,  have  gen- 
erally concurred  in  the  belief  that  the  atoms  even  of  the  densest 
solids  are  very  much  smaller  than  the  spaces  which  separate 
them.  Sir  John  Herschol  asks  why  the  atoms  of  a  solid  may  not 
be  imagined  to  be  as  thinly  distributed  through  the  space  it  oc- 
cupies, as  the  stars  that  compose  a  nebula ;  and  compares  a  ray 
of  light  penetrating  glass  to  a  bird  threading  the  mazes  of  a 
forest. 

(76.)  Compressibility  and  Expansibility.  — The  property  of 
porosity  necessarily  implies  that  of  compressibility  and  expansi- 
bility. According  to  the  atomic  theory,  any  body  is  capable  of 
an  indefinite  expansion,  because  we  may  conceive  of  the  dis- 
tance between  the  atoms  as  being  indefinitely  increased.  It 
could  only,  however,  be  compressed  till  the  atoms  come  in  con- 
tact. According  to  the  otlier  theory  of  the  constitution  of  mat- 
ter, advanced  in  (74),  a  body  is  capable  of  being  both  con- 
tracted and  expanded  indefinitely.  These  changes  of  volume 
are  most  readily  effected  by  the  action  of  heat,  and,  so  far  as  we 
know,  all  bodies  may  be  indefinitely  expanded  by  heat  and  con- 
tracted by  cold.  These  effects  of  heat  will  be  considered  at 
length  in  Chapter  IV.,  and  we  shall  therefore  only  allude  in  tliis 
place  to  a  few  examples  of  compression  produced  by  mechanical 
means. 

Pieces  of  oak,  ash,  or  elm,  plunged  into  the  sea  to  tlie  depth 
of  2,000  metres,  and  drawn  up  after  two  or  three  hours,  have 
been  found  to  contain  four  fiftlis  of  their  weight  of  water,  and  to 
acquire  such  an  increase  of  density  as  to  indicate  the  contraction 
of  the  wood  into  about  half  its  previous  volume.  Some  of  the 
metals  have  their  bulk  permanently  diminished  by  hammering  ; 
10* 
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and  SO  also  in  the  process  of  coining,  the  volume  of  the  metal  is 
sensibly  diminished  by  the  pressure  to  which  it  is  submitted  under 
the  die.  The  stone  columns  of  buildings,  also,  -when  they  sus- 
tain great  weights,  aro  frequently  very  sensibly  shortened.  This 
was  the  case  with  the  columns  which  support  the  dome  of  the 
Pantheon  at  Paris, 

It  was  long  supposed  that  liquids  were  incompressible ;  but 
they  are  now  known  to  be  compressible,  although  only  to  a  slight 
degree.  The  compressibility  of  liquids 
may  be  illustrated  by  the  apparat\is  rep- 
resented in  Fig.  50.  It  consists  of  a 
very  thick  cylindrical  vessel  of  glass, 
eight  or  nine  centimetres  in  diameter, 
which  is  closed  at  the  bottom  and  sup- 
ported on  a  basement  of  wood.  To  the 
top  is  cemented  a  brass  cap,  into  which 
screws  a  copper  plate,  which,  when  in  its 
place,  completely  closes  tho  cylinder; 
but  which  can  be  unscrewed  at  pleas- 
ure, in  order  to  remove  and  replace  the 
tubes  A  and  B  within  the  cylinder.  To 
this  plate  are  adapted  the  tunnel  J5,  for 
introducing  water  into  the  cylinder,  and 
a  cylinder  witli  a  piston  for  exerting 
pressure,  which  can  be  moved  by  the 
SI  lew  P  Withm  the  apparitus  is  the 
rlongated  glis^  bulb  A,  which  is  filled 
with  the  liquid  on  which  tho  experiment 
13  to  be  made  This  bulb  open-i  into  a 
bent  capiUaiy  glass  tube,  wliose  open 
end  is  plunged  m  tho  meicutj  which  coders  tho  bottom  of  tlio 
vessel,  it  the  side  of  tins  ippaiitus  is  a  mmoniLtu  tube,  B, 
which  indicates,  in  a  way  ^liich  will  bo  hcicifter  dLsciibed  the 
amount  of  pleasure 

In  using  the  apparatus,  thi  bulb  A  is  fiibt  filled  with  the  liquid 
to  be  compie'-ied  This  is  then  supported,  as  repre'-enttd  in  the 
figure,  in  the  mtenoi  of  the  cjhndei,  with  the  open  end  of  the 
tube  dipping  undet  the  mercui}  The  cvlinder  is  now  filled 
with  water,  and  the  piessuie  applied  by  turning  tho  <it,rew  P 
The  mercury  will  then  be  seen  to  rise  in  the  capillary  tube,  iudi- 
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eating  a  compression  of  tlit,  fluid  contained  in  the  bulb.  In, 
order  to  measure  the  amount  of  compression,  tlie  capillary  tube 
is  graduated  into  parts  of  equal  cnpacity,  each  of  which  beai-s  a 
known  relation  to  the  capacity  of  the  bulb.  The  total  amount 
of  compression,  however,  which  we  can  thus  produce,  amoimts 
only  to  a  few  millioiiths  of  the  original  yolume. 

The  compressibility  of  gases  is  far  greater  than  that  of  eitlier 
of  the  other  conditions  of  matter.  If  we  take  a  glass  cylinder 
closed  at  one  end,  Fig.  51,  and  insert  uito 
it  an  aeeurately-fitting  piston,  it  will  be 
found  impossible  to  force  the  piston  into 
the  tube,  if  it  be  full  of  water ;  but  if  full 
of  air,  the  force  of  the  arm  is  sufficient  to 
drive  the  piston  down  so  as  to  reduce  the 
volume  of  air  ten  or  twenty  times,  if  the 
piston  is  small.  "We  feci  tlie  resistance 
increase  in  proportion  to  the  compression  ; 
but,  whatever  may  be  the  force  exerted, 
we  cannot  make  the  piston  touch  the  bot- 
tom of  the  tube.  The  compressibility  of 
many  gases  is  also  limited  by  the  fact  that 
they  are  i-educed  by  great  pressure  to  a 
liquid  state. 

(Y7.)  £/as;it%.— The  property  which 
all  bodies  possess  to  a  certain  extent,  of 
resuming  their  original  form  or  volume  .ij^'  '  ,( 

when  the  force  which  altered  this  form  or  _         _  _    .. 

volume  ceases  to  act,  is  called  elasticity.  j,^,  jj. 

This  property  is  the  manifestation  of  a  ten- 
dency which  the  particles  of  bodies  possess,  to  maintain  a  certain 
distance  or  position  with  regard  to  each  other,  and  to  resume  that 
distance  or  position  when  they  have  been  disturbed.  The  phe- 
nomena of  elasticity  may  be  developed  in  solids  by  compression, 
by  tension,  hyjlexure,  or  by  torsion.  In  fluids,  however,  elasticity 
can  be  developed  only  by  compression,  and  it  is  only  this  form 
of  elasticity,  therefore,  which  can  be  regarded  as  a  general  prop- 
erty of  matter. 

AH  fluids,  both  liquid  and  gaseous,  are  perfectly  elastic ;  and 
this  elasticity  is  unlimited  in  extent,  since  they  resume  exactly 
their  original  volume  as  soon  as  the  pressure  by  which  this  was 
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diminished  is  removed,  liowever  long  it  may  have  heeii  ap- 
phed. 

Gases  tend  to  expand  indefinitely,  and,  other  circximstauces 
being  equal,  a  definite  Toluine  always  coiTespoiids  to  a  given 
pressure.  If  the  pressure  is  increased,  the  volume  diminishes^ 
and  if  the  pressure  is  diminished,  the  volume  increases.  Hencej 
gases  are  frequently  called  pernianenily  elastic  fluids. 

The  elasticity  of  solids  is  not  perfect  and  unlimited,  like  that 
of  fluids.  In  some  solids,  such  as  glass,  it  appears  to  he  perfect  j 
for  no  force,  however  great  or  long  continued,  wiU  cause  glass  to 
take  a  set,  as  it  is  called,  that  is,  will  cause  a  permanent  change 
either  in  form  or  hulk.  But  then  this  elasticity  is  confined  within 
very  narrow  limits  ;  for  if  the  displacement  of  the  particles  ex- 
ceeds a  very  small  amount,  the  body  is  crushed.  In  otlier  solids, 
as  in  India-rubber  or  the  metals,  the  elasticity  is  less  limited ; 
but  in  these,  if  the  compressing  force  exceeds  a  certain  amount, 
or  is  continued  beyond  a  limited  time,  there  remains  a  permanent 
change  of  fonn  or  bulk.  Withm  these  limits,  however,  which 
differ  very  greatly  in  different  substances,  all  solids  appear  to 
be  perfectly  elastic.  It  is  in  the  limit  of  elasticity  that  we  find 
the  great  differences  between  bodies.  Tiius,  a  ball  of  stcci  or  of 
ivory  will  bo  as  elastic  up  to  a  certain  point  as  a  ball  of  India- 
rubber,  as  may  be  proved  by  dropping  the  three  balls  upon  a 
hard  surface  from  the  same  height,  and  then  marking  the  heights 
to  which  they  rebound ;  but  while  the  elasticity  of  the  ludia-rubber 
extends  to  almost  any  degree,  that  of  the  others  is  very  limited. 
Even  lead  and  pipe-clay,  which  are  generally  considered  as  en- 
tirely devoid  of  elasticity,  show  an  elasticity  as  perfect  as  that  of 
the  best-tempered  steel,  but  within  very  nai-row  limits. 


d  by  Google 


CHAPTER    III. 

THE  THREE  STATES   OF  JIATTEE. 

(78.)  Molecular  Forces.  —  Tlie  forces  -wliieh  are  supposed  to 
emanate  from  the  molecules  of  matter,  and  which  we  have  termed 
molecular  forces,  are  either  attractive,  tending  to  draw  together 
the  molecules  of  a  body,  or  repulsive,  tending  to  drive  tliem  apart. 
The  three  states  of  matter  seem  to  depend  on  the  relative  inten- 
sity of  these  forces.  When  the  attractive  forces  are  in  excess,  the 
molecules  of  a  body  are  held  together  more  or  less  firmly,  and  we 
have  the  solid  state.  When  the  attractive  forces  are  nearly  bal- 
anced by  tlie  repulsive  forces,  the  molecules  are  in  equilibrium 
and  endued  with  freedom  of  motion  among  themselves,  and  we 
have  the  liquid  state.  Finally,  when  the  repulsive  forces  are  in 
excess,  the  molecules  tend  to  recede  from  each  other,  and  we 
have  a  state  of  permanent  tension,  which  we  call  s.gas. 

In  regard  to  the  mode  of  action  of  these  molecular  forces,  we 
have  little  or  no  accurate  knowledge,  and  all  our  theories  in  re- 
gard to  them  are  inferences  from  the  phenomena  which  the 
aggregations  of  tliese  molecules,  tlie  masses  of  matter,  exliibit. 

The  attractive  forces  act  only  through  extremely  small  distances. 
Several  facts  may  be  cited  in  illustration  of  this.  If,  when  the  , 
fiat  surfaces  of  two  hemispheres  of  lead  are  tarnished,  they  are 
pressed  together,  they  will  not  adhere.  If,  however,  the  super- 
ficial coating  of  oxide  is  removed  with  a  sharp  knife,  and  the 
two  clean  surfaces  are  then  pressed  together,  they  adhere  with 
great  force.  The  process  of  welding  iron  affords  an  illustration 
of  the  same  fact.  In  order  to  unite  two  bars  of  iron,  the  ends 
to  be  joined  are  first  softened,  by  heating  them  to  a  white  heat  in 
a  forge,  and  then  hammered  together  on  an  anvil.  The  com- 
plete union  of  the  bars  cannot  be  attained  in  this  process  unless 
the  coating  of  oxide,  which  forms  in  the  forge  on  the  heated 
surfaces,  is  dissolved  by  sprinkling  on  the  ends  of  the  bars  pow- 
dered borax,  or  some  similar  substance.  So  also  pieces  of  wax, 
dough,  India-rubber,  and  other  soft  substances,  cannot  be  made 
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"to  adhcro  wlion  their  surfaces  arc  covered  with  ihist,  but  can  bo 
united  firmly  together  ■when  the  surfaces  are  clean.  ^Finally, 
plates  of  polished  glass  have  been  known,  simply  from  resting  on 
each  other  in  the  warehouse,  to  adhere  so  firmly  as  to  resist  all 
efforts  to  separate  them,  breaking  as  readily  in  any  other  direc- 
tion as  at  the  plane  of  junction.  The  thinnest  film  of  tissue- 
paper  interposed  between  them  is  sufficient  to  prevent  any  such 
adhesion. 

The  repulsive  forces  do  not  appear  to  be  so  inherent  in  the  par- 
ticles of  matter  as  the  attractive  force.  They  seem  to  be  due  to 
the  action  of  an  external  agent,  called  heat.  This  opinion  is  sup- 
ported by  many  facts.  The  first  effect  of  heat  on  a  solid  is  to 
expand  it,  that  is,  to  separate  the  molecult^s  from  each  other ;  but 
as  it  accumidates  in  the  body,  it  changes  its  condition,  first  into  the 
liquid,  and  subsequently  into  the  gaseous  state.  So  also,  when 
two  plates  of  glass  are  pressed  firmly  together,  the  minute  inteiTal 
which  still  separates  them  is  increased  by  heating.  The  particles 
of  finely  divided  and  infusible  powders  repel  each  other  when 
intensely  heated,  and  the  powders  roll  round  in  the  crucible  as  if 
they  were  liquid ;  and  lastly,  when  water  is  dropped  into  a  heated 
metallic  dish,  it  does  not  moisten  the  sides  of  the  dish,  but  is 
repelled  by  it  and  assumes  a  globular  form.  The  repulsion  is 
so  great,  that,  if  tlie  dish  is  pierced  with  holes,  like  a  sieve,  the 
water  will  not  run  out.  Since,  then,  heat  evidently  increases  the 
repulsive  forces  between  the  molecules  of  matter,  it  is  natural  to 
conclude  that  it  is  the  cause  of  these  forces,  and  this  hypothesis 
is  generally  admitted. 

In  studying  the  phenomena  of  matter  due  to  these  molecular 
forces,  it  will  be  convenient  to  class  them  under  two  heads: 
first,  those  phenomena  caused  by  the  action  of  these  forees  be- 
tween homogeneous  molecules,  such  as  the  molecules  of  the  same 
substance ;  secondly,  those  phenomena  caused  by  the  action  of 
the  forces  between  heterogeneous  molecules,  such  as  those  of  dif- 
ferent substances.  To  the  first  class  belong  those  phenomena 
which  characterize  the  solid,  liquid,  and  gaseous  conditions  of 
matter ;  to  the  second,  the  phenomena  of  capilloTity  (or  adhe- 
sion) and  diffusion. 
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MOLECULAR  rORCES  BETWEEN  HOMOGENEOUS  MOLECULES- 

I.  Chaeacteeistic  Pkopeeties  op  Solids. 
Among  the  characteristic  properties  of  solids,  we  shall  consider 
the  following;  — Crystalline  Foi-m,  Elasticity,  Resistance  to  Eup- 
tnrc,  and  Hardness, 

.Crysta  Uogr  apliy. 
(79.)  Crystalline  Form.  —  The  force  which  holds  together 
the  molecules  of  solids  is  called  cohesion;  and  the  most  ob- 
tIous  effect  of  this  force  is  to  retain  the  molecules  in  a  fixed 
position  with  reference  to  each  other,  and  hence  to  give  to  tlie 
solid  a  more  or  less  permanent  form.  Almost  all  solids,  when 
they  are  formed  slowly,  under  circumstances  such  that  the 
molecules  are  free  to  arrange  themselves  in  accordance  with 
the  tendencies  of  the  molecular  forces,  assume  definite  external 
forms.  These  forms,  with  certain  limitations,  are  always  the 
same  for  the  same  substance,  but  may  differ  in  different  sub- 
stances. They  are,  therefore,  essential  forms,  depending  upon 
the  nature  of  the  substance.  Such  forms  are  called  crystals,  and 
the  processes  by  which  they  are  obtained  are  called  processes  of 
crystallization. 

■The  larger  number  of  inorganic  solids  which  we  meet  with  in 
every-day  life,  do  not  appear  to  have  any  regularity  of  outward 
form.  Their  form  is  generally  accidental,  one  which  has  been 
given  by  art,  or  which  is  due  to  the  accidental  circumstances 
imder  wliich  the  solid  has  been  placed.  In  some  cases,  how- 
ever, if  we  break  the  solid  and  examine  the  fracture,  it  will  be 
seen  that  the  solid  is  an  aggregation  of  minute  crystals  closely- 
packed  together.  This  is  tlie  case  with  granite  and  many  other 
rocks.  Other  solids  split  readily  along  certain  planes,  called 
planes  of  cleavage.  Both  these  classes  of  bodies  are  said  to 
liave  a  crystalline  structure.  In  many  cases,  however,  no  indi- 
cations of  a  crystalline  structure  can  be  seen ;  but  in  almost  all, 
the  solid  can  be  made  to  assume  a  regular  crystalliiic  form  by 
one  of  the  processes  described  in  the  next  section.. 

(80.)  Processes  of  Crystallization.  —  The  conditions  of  crys- 
tallization arc  freedom  of  motion  in  the  molecules  from  which 
the  solid  is  forming,  and  sufficient  time  for  the  molecules  to  ar- 
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range  themselves  in  obedience  to  tlie  molecular  forces.  These 
conditions  are  generally  obtained  in  one  of  four  ways. 

Th&ftrsi  consists  in  dissolving  the  solid  in  water  or  some  other 
solvent,  and  allowing  the  liquid  to  evaporate  slowly.  As  the  solid 
is  slowly  deposited,  it  assumes  the  crystalline  form.  This  method 
is  the  most  universally  applicable,  and  the  one  by  which  crystals 
are  usually  formed  in  nature.  The  best  method  of  applying  it 
consists  in  making  a  concentrated  solution  of  the  substance  in 
water,  placing  the  solution  in  a  shallow  dish,  covering  the  dish 
with  porous  paper  fastened  tightly  round  the  edges  to  prevent 
dust  from  setting  upon  the  liquid,  and  leaving  it  in  a  moderately 
warm  place  until  the  crystallization  is  completed.  When  the 
substance  is  not  soluble  in  water,  it  can  generally  be  dissolved  in 
alcohol,  ether,  sulphide  of  carbon,  or  melted  boracic  acid,  uistead 
of  water.  Sulphur,  for  example,  may  be  crystallized  from  a  so- 
lution in  sulphide  of  carbon ;  and  alumina  may  be  crystallized 
by  dissolving  it  in  melted  boracic  acid,  and  exposing  the  solution 
to  the  mtense  heat  of  a  porcelain  furnace.  At  this  very  high 
temperature  the  boracic  acid  slowly  evaporates.  Most  substances 
are  more  soluble  in  hot  water  than  in  cold,  and  these  can  also  be 
crystallized  by  making  a  concentrated  hot  solution,  and  allowing 
it  to  cool ;  tlie  excess  of  the  solid  in  solution  over  that  which  cold 
water  will  dissolve,  is  deposited  in  crystals.  Unless,  however, 
the  quantity  of  tlie  solution  is  very  considerable,  large  and  per- 
fect crystals  are  not  so  freqiiently  formed  in  this  way  as  by  slow 
evaporation.  A  small  quantity  of  solution  cools  so  rapidly,  that 
sufficient  time  is  not  afforded  for  perfect  crystallization. 

The  second  method  consists  in  meltnig  the  solid  in  a  crucible, 
and  allowing  the  liquid  to  cool  very  slowly.  When  a  solid  crust' 
forms  on  the  surface,  this  is  broken,  and  the  remaining  liquid 
turned  out,  when  the  inside  of  the  crucible  is  found  lined  with 
crystals.  Sulphur  and  many  of  the  metals  may  be  crystallized 
ia  this  way. 

,  The  third  method  consists  in  converting  the  solid  into  vapor, 
and  subsequently  condensing  the  vapor  in  a  cool  receiver,  —  a 
process  which  is  called  sublimation.  Iodine,  arsenic,  arsenious 
acid,  and  many  other  substances,  can  be  crystallized  by  this 
method. 

Tha  fourth  method  consists  in  very  slowly  decomposing  some 
chemical  compound  containing  the  substance,  cither  by  electricity 
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or  by  Um  notion  of  somo  cliemiol  agent.  Tho  crystals  ot  metals 
formed  in  tlio  processes  of  electni-metaltargy  are  tlie  best  sam- 
ples of  tbis  metliol. 

(81.)  Definitima.  —  A  crystal  is  always  bounded  by  plane 
faoes,  and  is  tliereforo  a  polyhedron.  The  faces  of  the  diamond 
and  of  some  other  crystals  are  at  times  curved ;  but  m  such 
cases  tlie  apparently  curved  stirface  can  generally  be  seen  to  be 
mads  up  ot  a  large  number  of  very  small  planes.  Tho  terms 
of  solid  geometry  are  used,  witllout  change  of  meaning,  m  crys- 
tallo.n-aphy.  Tlius  we  speak  of  faces,  edges,  plane  angles,  uiter- 
facial  angles,  and  solid  angles.  The  axis  of  a  crystal  is  a  line 
passing  tlirough  its  centre,  round  wliich  two  or  more  faces  are 
symmetrically  arranged.  In  every  crystal,  at  least  tlirce  such 
lines  can  be  distingnislicd.  In  Figs.  52, 63,  and  54,  tlie  axes  are 
indicated  by  dotted  lines. 


(82.)  Systems  of  Crjislak.  —  A  crystal  is  a  solid  hounded  by 
planes  arranged  ssmmetrieally  round  mie  or  another  of  six  sys- 
tems of  axes. 

1.  The  first  system  (Fig.  55)  is 
called  the  Monometric  System,  and 
consists  of  three  axes,  of  equal 
length  and  at  right  angles  to  each 
other.  The  length  of  each  semi- 
axis  we  shall  represent  in  this  work 
by  ff,  and  the  system  of  axes  by  the 
symbol  a:  a:  a.  It  is  hardly  ne- 
cessary to  observe,  that,  as  crystals 
may  vary  very  greatly  in  size,  the 
absolute  lengths  of  the  axes  must  ""'^ ' 

vary  to  the  same  extent,  and  that  it  is  the  relative  lengths  only 
which  arc  constant. 

n 
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2.  The  second  system  (Fig.  56)  is  called  the  Dimetric  System, 
and  coiisifits,  like  the  last,  of  three  axes  at  right  angles  to  each 
other.  The  two  axes  in  the  horizontal 
jjlane  of  the  figure  are  called  the  lateral 
ULCi,  and  aie  equal  to  each  other.  "We 
shiU  icpiesent  the  length  of  each  half  of 
thc^e  a\es  by  a  The  third  is  called  the 
I  et  tical  axis,  and  is  either  longer  or  short- 
er than  the  other  t^vo  "We  shall  represent 
the  length  of  eich  half  of  this  axis  by  b. 
The  symbol  lepresenting  this  system  of 
ixes  \^  a  a  b  The  iitio  between  a 
ind  b  IS  iiiitioml  Thus,  m  crystals  of 
tin,  the  latio  between  the  axes  is  a  ;  6  ^ 
1:  0.3857.  In  the  monometi  ic  s>  stem  there  cin  be  but  one  set  of ' 
axes ;  but  in  this  <;>  stem  there  can  be  as  many  sets  of  axes  as 
the  number  of  p  s  1 1  mationil  ntios  betwuen  a  and  b  Tihich 
of  couise  intimt  The  ntio  for  cijs 
t  Is  of  the  same  substance  is  always  the 
■iame  but  it  diffeiefoi  ciysfil  ofdiffei  nt 
ubstances  no  two  substances  hiving  the 
same  ritio 

3  The  third  bj  stem  (Fig  57)  is  called 
tK  He^cgonal  S^  Urn  and  consists  of 
foui  a-i  s  Three  of  these  ore  in  the 
ame  plane  the  hoiizontal  pline  of  the 
fig  ire  and  aie  calle  1  lateral  axes  They 
aie  e^inl  in  lei  gth  and  have  the  same 
relative  ]  ositiou  is  the  diagonals  ot  a  leg 
ular  hexagon  (Fig  'Jb)  The  commo  i  length  of  the  six  halv  s 
of  tlieso  lateral  axes  we  shall  represent  by  a.  The  fourth  axis, 
called  the  vertical  axis,  is  at  right  angles  to  the  other  three,  and 
is  either  shorter  or  longer  than  their  common 
■MMMH  length.  The  length  of  one  half  of  this  axis  we 
Qj^BjHS  sli^il  represent  by  b,  and  the  symbol  of  the  sys- 
tem of  axes  is  a  :  a  :  a  :  b.  The  relation  be- 
tween a  and  b  is,  as  in  the  last  system,  irrational. 
Tims,  in  crystals  of  antimony,  a:b  =  l:  1.3068, 
and  in  crystals  of  carbonate  of  lime  (calcite), 
:  0.8543.     Here,  as  in  the  last  system,  the  ratio  is  con- 


rig.  67. 
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Fig.  69. 


:  1  : 


staiit  in  crystals  of  the  same  substance,  but  difFers  iu  crystals  of 
different  substances. 

4.  The  fourth  system  (Fig.  59)  is  called  the  Trimetric  System, 
and  consists  of  three  axes,  all  at  right  angles  to  each  otiier,  but 
all  of  unequal   length.      One   of  these 

axes  is  selected  as  the  vertical  axis,  and 
the  length  of  one  half  of  this  axis  will 
he  represented  in  this  work  by  b.  The 
shorter  of  the  two  lateral  axes  is 
called  tlie  brachpdiag-onal,  and  its  half- 
length  will  be  represented  by  a.  The 
longer  is  called  the  makrodiagonal,  and 
its  half-length  will  be  represented  by  c. 
The  symbol  of  this  system  of  axes  is 
a  :  b  :  c.  The  relation  between  a,  b, 
and  c  is  irrational.  In  crystals  of  sulphur, 
2.340  :  1.233. 

5.  The  fifth  system  (Fig.  60)  is  called  the  MonocUnic  System, 
and  consists  of  three  unequal  axes.  The  two  lateral  axes  are  at 
right  angles  to  each  other.     T]ie  third 

axis,  called  the  vertical  axis,  is  at  right 
angles  to  one  of  the  lateral  axes,  but  is 
inclined  to  the  other.  The  length  of  one 
half  of  the  vertical  axis  we  shall  repre- 
sent by  b.  The  one  of  tlio  lateral  axes 
which  is  at  right  angles  to  tlie  vertical 
axis  is  called  the  orthodiagonal,  and  its 
half-length  will  be  represented  by  a. 
The  lateral  axis  which  is  inclined  to  the 
vertical  axis  is  called  the  kUnodiag-onal,  "^  ' 

and  its  half-length  will  be  represented  by  c.  The  value  of  tlie 
acute  angle  which  the  vertical  axis  b  makes  with  the  kUnodia^o- 
nal  c  will  be  represented  by  a.  The  symbol  of  this  system  is  the 
ratio  aib:c,  with  the  angle  a-  For  the  crystals  of  the  same 
substance,  the  ratio  between  a,  b,  and  c,  and  the  value  of  «,  are 
constant ;  but  they  differ  in  crystals  of  different  substances.  In 
crystals  of  sulphate  of  iron,  for  example,  a:b:c^l:  1.495 ;  1.179, 
and  a=!  75°  40',  while  in  crystals  of  gypsum  a:b:c:=l:  0.413: 
0.691,  and  a  =  81°  20'. 

6.  Tlio  sixth  system  (Fig.  61)  is  called  the  IVicUnic  System, 
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and  consists  of  three  unequal  axes,  which  are  all  inclined  to  each 
other.  One  of  Ihesc  axes  is  selected  as  the  vertical  axis,  and  the 
Iialf-Iength  of  this  axis  will  ho  represent- 
ed by  b.  The  half-lengths  of  the  two 
lateral  axes  will  he  represented  by  a  and 
c.  Tlie  angles  of  inclination  between  tlie 
axes  will  be  represented  as  follows :  — 

a  on  b  by  y, 
a  on  c  by  3, 
b  on  c  by  «. 

The  symbol  of  this  system  is  the  I'atio 

a  :  b  :  c,   with   the   angles   a,  (3,  y.     In 

crystals  of  sulphate  of  copper,  a  :  b  :  c^ 

1  ;  0.9738  :  1.7683,  and  «  =  82°  21'.5,   y3  =  77"  S7'.5,  y  = 

73°  10' .5,     In  crystals  of  bieliromate   of  potash,   a  :  b  :  e-= 

1  ;  0.9886  :  1.794,  and  a  =  82°,  /3  =  83°  47',  y  =  89°  8'.5. 

All  crystals  which  have  the  same  system  of  axes  are  said  to 
belong  to  the  same  crystalline  system ;  and  hence  all  crystals 
may  be  classified  under  six  crystalline,  systems,  corresponding  to 
the  systems  of  axes  just  described.  The  systems  of  crystals  have 
the  same  names  as  the  systems  of  axes. 

(83.)  Centre  of  Crystal,  and  Parameters.  —  Tlie  point  at 
which  the  axes  of  a  crystal  intersect  is  called  the  centre  of  the 
crystal. 

If  we  suppose  the  axes  of  a  crystal  indefinitely  produced,  it  is 
evident  that  each  of  its  planes,  if  also  produced,  must  intersect 
each  of  the  axes,  either  at  a  finite  or  at  an  infinite  distance  from 
its  centre-  The  distances  of  the  points  of  intersection  from  the 
centre  are  called  the  parameters  of  the 
planes.  Each  of  the  planes  of  the  crystal 
represented  in  Fig.  62,  for  example,  would, 
if  produced,  intersect  the  three  axes  of  the 
monometric  system  at  distances  from  the 
centre  equal  to  o  :  3  «  :  3  a  respectively, 
a  representing,  as  stated  above,  the  length 
of  any  semi-axis.  These  lengtlis  are  the 
parameters  of  each  plane  of  the  crystal. 
"When  a  plane  is  parallel  to  a  given  axis,  it  may  be  regarded  as 
intersecting  it  at  an  infinite  distance  from  the  centre,  and  hence 
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its  parameter  measured  on  this  axis  is  infinity.  The  faees  of  a 
cube,  for  example,  interseet  one  axis  of  the  moiiomeiiic  sys- 
tem at  the  distance  a  from  the  centre  (Fig. 
63),  and  are  parallel  to  the  other  two. 
The  parameters  of  each  face  are  therefore 
a :  w  a  :  <x>  a.  So,  also,  each  of  the  faces 
of  the  dodecahedron  (Fig.  64)  intersects 
two  of  the  axes  of  the  monometrie  system 
at  the  distance  a  fram  tlie  centre,  and  is 
parallel  to  the  third  axis.  Hence  the  pa^ 
rameters  of  each  face  are  a  :  a  :  cc  a. 

It  has  already  been  stated  that  the  crys- 
tals of  a  given  substance  have  always  axes 
of  the  same  relative  lengths,  and  with  the 
same  relative  inclination.  It  is  also  true 
that  tlie  parameters  of  the  planes  of  any 
cr}  tal  of  a  given  substance  are  always 
eq  al  tl  to  the  lengths  of  the  semi- 
axes  on  1  eh  they  are  measured,  or  else  to  s 
I  les  o  s  hmultiples  of  these  lengths.  Hence  it  follows,  that  the 
pa  a  neters  of  any  plane  of  a  crystal  may  always  be  expressed 
very  simply  in  terms  of  its  axes,  as  above. 

(84.)  ^milar  Axes.  —  In  any  system  of  axes,  one  axis  or  one 
semi-axis  is  said  to  be  similar  to  another  axis  or  to  another  semi- 
axis,  when  the  two  have  the  same  length  and  the  same  inelina- 
tions  to  the  other  axes  or  semi-axes.  It  is  important  to  apply  this 
definition  to  the  different  systems,  and  distinguish  the  similar 
axes  in  each. 

1.  In  the  monometrie  system,  all  the  axes  and  all  the  semi-axes 
are  similar. 

2.  In  the  dimetrie  system,  the  two  lateral  axes  are  similar,  and 
also  the  four  halves  of  these  axes  are  similar.  The  two  halves  of 
the  vertical  axis  are  also  similar  to  each  other,  but  they  are  not 
Bimilar  to  the  halves  of  the  lateral  axes. 

3.  In  tlie  hexagonal  system,  the  three  lateral  axes  are  similar, 
and  their  six  halves  are  also  similar.  The  two  halves  of  the  ver- 
tical axis  are  also  similar  to  each  other,  but  not  similar  to  tlie 
halves  of  the  lateral  axes. 

4.  In  the  trimetric  system,  all  three  axes  are  dissimilar,  but  the 
two  halves  of  each  axis  are  similar  to  each  other.     By  referring 
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to  the  notation  given  in  the  previous  sections,  it  will  be  seen  that 
in  the  first  four  systems  similar  semi-axes  have  in  every  case  been 
designated  by  the  same  letter,  and  that  the  dissimilar  semi-axes 
have  been  distinguished  by  different  lettei-s. 

5.  In  the  monoclinic  system,  not  only  the  three  axes  are  all 
dissimilar,  but  moreover  the  two  halves  of  the  same  axis  are  not 
in  all  cases  similar  to  each  other.  The  two  halves  of  the  ortho- 
diagonal  are  similar,  but  the  two  hah^es  of  the  klinodiagonal,  al- 
tliougli  they  have  the  same  lengtli,  have  not  the  same  inclination 
to  any  one  half,  say  the  upper  lialf,  of  the  vertical  axis,  and  are 
therefore  dissimilar.  The  same  is  true  reciprocally  of  tlie  two 
halves  of  the  vertical  axis.  In  order  to  distinguish  the  dissimilar 
halves  of  these  axes,  we  will  accent  the  b  when  it  refers  to  the 
lower  half  of  the  vertical  axis,  and  also  accent  the  c  when  it 
refers  to  the  half  of  the  klinodiagonal,  whicli  is  ijiclined  to  b  at 
an  olitusc  anglti.  The  notation  of  tlie  monoclinic  system  of  axes 
it,,  then,  as  follows  :  — 

a  =  either  half  of  the  orthodiagonal. 
b  =  the  upper  half  of  the  vertical  axis. 
b'  =  the  lower  half  of  the  vertical  axis, 
c  =  the  half  oftheklinodiagonal  which 
is  inclined  to  b  at  an  acute  angle. 
c'  =  tlio  half  of  tlie  klinodiagonal  which 
is  inclined   to  b  at   an   obtuse 
angle. 
a  =  angle  of  b  on  c. 

It  is  evident  that  the  angle  of  b  on  c 
is  equal  to  the  angle  of  b'  on  c',  being 
vertical  angles ;  and  hence,  fhat  b  and  c  together  are  similar  in 
position  to  b'  and  c'  together. 

6.  In  the  triclinic  system,  all  the  semi-axes  are  dissimilar,  and 
the  two  halves  of  each  axis  may  be  distinguished  by  accentuation, 
as  in  the  monoclinic  system. 

(85.)  Similar  Planes.  —  Similar  plemes  are  those  whose  param- 
eters, measured  on  similar  semi-axes,  are  equal.  There  is  no  diffi- 
culty in  distinguishing  similar  planes,  by  means  of  this  definition, 
in  any  except  the  last  two  systems  of  axes,  since  in  all  the  other 
systems  those  planes  are  similar  which  in  the  notation  here 
adopted  have  equal  parameters,  and  none  others. 

In  the  mouoelinie  and  triclinic  systems,  however,  two  planes 
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arc  sindlar,  not  only  -when  they  have  equal  parameters,  but 
also  when  tlie  parameters,  measured  on  the  dissimilai-  halves  of 

■  the  same  axes,  are  in  both  cases  oppositely  accented.  For  ex- 
ample, in  the  monoclmic  system,  two  planes  ai'e  similar  whose 
parameters  are  a  :  2  6  :  c,  and  a:2b':c'.  In  the  two  symbols, 
the  two  halves  of  the  dissimilar  axes  are  oppositely  accented. 
On  the  otlicr  hand,  two  planes  whose  parameters  are  a  i  2  b  :  c, 
and  a  :  2  b  i  c',  are  not  similar. 

In  the  tricliuie  system,  since  the  six  semi-axes  are  all  dissimi- 
lar, no  two  planes  are  similar,  unless  the  three  parameters  of  the 
one  are  all  accented  oppositely  to  the  three  parameters  of  the 
otlier.  Thus,  two  planes  are  similar  whose  parameters  are 
a  :  b  :  2  c,  and  a'  :  b' :  2  c',  respectively. 

(86.)  Holohedral  Crystalline  Form.  — 
A  holohedral  crystalline  form  Is  the  union 
of  all  the  possible  similar  planes  which  can 
be  arranged  around  a  given  system  of  axes. 
Tims,  the  form  of  Pig.  66  is  the  union  of  all 
the  possible  planes  having  the  parameters 
a  :  a:  2  a,  which  can  be  arranged  round 
the  monometric  system  of  axes.  So  also 
tlie  form  of  Fig.  67  is  the  union  of  all 
tlie  possible  planes  having  the  parameters 
a  :  a  :  <xi  a  :  b,  which  can  be  arranged  round 
tlie  hexagonal  system  of  axes.  Both  of 
these  are  therefore  holohedral  forms. 

It  must  not,  however,  be  inferred  from 
these  examples  that  a  crystalline  form  is  al- 
ways a  crystal,  and  that  it  always  encloses 
space.     The  word  form  is  used  in  crystal- 
lography in  the  technical  sense,  as  defined 
above.     A  form  may  consist  of  only  two  planes, 
basal  planes  of  the  hexagonal  prism  (Fig.  68) 
are  a  crystalline  form,  because  they  are  all  the 
possible    planes,  having  the   paraihetcrs    cc  a  : 

■  <x>  a  :  (X  a  :  b,  which  can  be  arranged  round  the 
hexagonal  system  of  axes.  In  like  manner,  the 
six  planes  on  the  convex  surface  of  the  prism, 
being  all  the  planes  having  the  parameters 
a:  a:  (xi  a  I  cc  b,  which  can  bo  arranged  round 


Thus,  the  two 
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the  same  system  of  axes,  form  another  liololiedral  crystalline 
form.  In  neither  case  does  the  form  enclose  space.  It  requires 
the  combination  of  the  two  forms  to  complete  the  crystal.  In  the 
triclinio  system  no  crystalline  form  can  consist  of  more  than  two 
planes ;  and  hence  the  combination  of  at  least  tliree  crystalline 
forms  is  required  in  this  system  to  complete  a  crystal. 

The  parameters  of  one  of  the  planes  are  used  as  the  symbol  of 
the  holohedral  crystalline  form.  Thus,  the  parameters  printed 
below  the  Pigs.  66  and  67  not  only  denote  the  position  of  each 
plane  of  the  form  with  reference  to  the  axes,  but  they  are  also 
used  as  the  symbol  of  the  form  itself.  When  a  crystal  consists 
of  two  or  more  crystalline  forms,  like  the  one  represented  in 
Fig.  68,  we  use  as  the  symbol  of  the  crystal  tlio  several  symbols 
of  tlie  crystalline  forms  of  which  it  consists,  written  one  after 
the  other,  or  one  beneath  the  other,  as  conyenience  may  dictate. 
Examples  of  these  symbols  may  be  seen  beneath  the  figures  of 
crystals  on  this  and  the  few  following  pages. 

(87.)  Hemihedral  Crystalline  Form.  —  A  hemihedral  crystal- 
line  form  is  the  union  of  one  half  of  the  possible  similar  planes, 
which  can  he  arranged  roimd  a  given  system  of  axes.  The  form 
represented  in  Fig.  69  is  the  union  of  all  the  possible  planes  hav- 
ing the  parameters  a  :  a  :  a,  which  can  be  arranged  round  the 


monometric  system  of  axes,  and  is  therefore  a  holohedral  form. 
The  form  of  Fig.  70  is  the  union  of  one  half  of  the  planes  hav- 
ing the  same  parameters,  and  aiTanged  round  the  same  system 
of  axes.  It  is,  therefore,  a  hemihedral  form.  This  form  is  called 
the  tetrahedron,  and  it  may  be  regarded  as  derived  from  the  oc- 
tahedron, by  suppressing  every  other  plane  of  this  form  and  pro- 
ducing the  rest.  Hence,  it  is  frequently  called  the  hemihedral 
form  of  the  octahedron.     The  form  of  Pig.  70  is  obtained  by  pro- 
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ducing  one  set  of  the  alternate  planes  of  the  octahedron  of  Fig.  69. 
If,  now,  we  suppress  this  set  of  planes,  and  produee  tlie  other  set 
of  the  alternate  planes  of  the  octahedron,  we  shall  obtain  a  second 
tetrahedron  ;  differing,  however,  from  the  first  only  in  relative 
position.  This  form  is  said  to  he  the  negative  of  the  fii-st.  Wo 
urn,  as  the  symbol  of  a  liemihedral  form,  the  symbol  of  the  cor- 
responding holohedral  form,  preceded  by  the  fraction  i,  and  we 
distinguish  between  the  two  heraihedral  forms  of  which  the 
holohedral  form  may  be  supposed  to  consist,  by  means  of  the 
signs  plus  and  minus,  as  shown  by  the  symbols  beneath  Figs. 
70  and  71. 

(88).  Tetartohedral  Crystalline  Forms. — A  tetcwtohedral crys- 
talline form  is  the  union  of  one  quarter  of  the  possible  similar 
'planes  which  can  be  arranged  round  a  given  system  of  axes. 
Such  forms  are  met  with  among  crystals,  but  they  are  of  compar- 
atively rare  occurrence.  They  ai-e  designated  by  writing  the 
fraction  \  before  the  symbol  of  the  corresponding  holohedral 
form. 

(89.)  Simple  and  Compound  Crystals.  —  A  crystal  is  said  to 
be  simple,  when  it  is  bounded  by  the  planes  of  one  crystalline 
form  only  ;  and  to  be  compound,  when  it  is  bounded  by  the  planes 
of  several  crystalline  forms.     Thus,  the  crystals  represented  by 


Figs.  72,  7B,  and  74  are  simple,  because  in  each  case  all  the 
planes  wliicli  bound  the  crystal  have  the  same  parameters.  On 
the  other  hand,  the  crystals  represented  by  Figs.  75,  76,  and  77 
are  compound  crystals,  because  there  are  two  or  more  sets  of 
planes  on  each  crystal,  of  which  the  planes  have  different  param- 
eters. The  faces  of  the  ciystals  are  lettered,  and  below  each 
crystal  the  parameters  of  each  set  of  planes  are  given  opposite  to 
the  corresponding  lettering. 
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Most  of  tlie  crystals  which  we  nieet  with  are  compound  crys- 
tals. Indeed,  in  the  monoclinic  and  triclinie  systems,  we  cannot 
have  a  simple  crystal,  because  in  these  systems  no  single  crys- 
talline form  will  enclose  space,  and  simple  crystals  are  seldom 
found  in  any  of  the  systems,  witli  the  exception  of  the  mono- 
metric  and  hexagonal. 

(90.)  Dominant  and  Secondary  Forms.  —  It  is  seldom  tliat 
the  faces  of  the  various  forms  of  which  a  compound  crystal 
consists  are  equally  developed  and  conspicuous.  As  a  general 
rule,  the  faces  of  one  form  are  more  prominent  tlian  those  of  the 
otliers,  and  give  to  the  crystal  its  general  aspect.  This  form  is 
then  called  the  dominant  form;  and  the  others  are  called  sec- 
ondare/forms.  Figs.  78,  79,  and  80  represent  three  compound 
crytals,  each  of  whicli  consists  of  faces  of  a  cabe  combined  witli 


those  of  an  octahedron.  In  Fig.  78,  the  faces  of  the  cube  are  dom- 
inant, and  those  of  the  octahedron  are  secondary.  In  Fig.  79, 
tlie  two  sets  are  equally  developed,  and  in  Fig.  80  the  faces  of 
the  octahedron  are  dominant.  In  writing  the  symbols  of  com- 
pound crystals,  we  always  write  tlie  symbols  of  the  dominant 
form  first,  and  the  symbols  of  the  secondary  forms  in  the  order 
of  their  prominence. 
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When  tho  faces  of  tlie  dominant  foiin  arc  so  much  developed 
as  to  give  their  general  aspect  to  the  crystal,  it  is  nstial  to  de- 
scribe the  crystal  as  having  tlie  dominant  foi-m  modified  by  the 
faces  of  the  secondary  foi-ras.  For  example,  the  crystal  repre- 
sented in  Fig.  78  would  be  described  as  a  cube  modified  by  an 
octahedron,  and  the  crystal  of  Fig.  80  as  an  octahedron  modified 
by  a  cube.  In  Fig.  78,  the  solid  angles  of  the  cube  have  been 
replaced  by  planes  of  an  octahedron,  and  in  Fig.  80  the  solid  an- 
gles of  the  octahedron  have  been  replaced  by  planes  of  a  cube. 

(91.)  Definilions.  —  A  crystalline  form  may  modify  another 
in  different  "ways,  and  several  technical  terms  are  used  in  de- 
scribing these  modifications,  which  it  is  important  to  understand. 

Truncation.  —  When  the  edge  of  a  crystal  is  replaced  by  a  plane 
equally  inclined  to  the  adjacent  faces,  and  forming  with  tliem 
parallel  edges,  the  edge  is  said  to  be  truncated.  In  like  manner, 
a  solid  angle  is  said  to  be  truncated  when  it  is  replaced  by  a 
plane  equally  inclined  to  the  similar  adjacent  faces.     Figs.  81, 


82,  83  arc  examples  of  truncation  of  edges,  and  F 
are  examples  of  truncation  of  solid  angles. 

Bevelling. — If  an  edge  is  replaced  by  two 
planes,  as  in  Fig.  84,  each  of  which  is  in- 
clined to  the  a  Ij        t  f        t  the  same  angle. 
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The  modifications  on  crystals  follow  one  of  two  simple  laws :  — 

1.  All  the  similar  parts  of  a  crystal  are  simultaneoushj  and 
similarly  inodified, 

2.  Half  the  similar  parts  of  a  crystal  are  simultaneous li/  and 
similarly  inodified  independently  of  the  other  half. 

It  sometimes,  altliough  more  rarely,  happens,  that  only  one 
quarter  of  the  similar  parts  of  a  crystal  are  simultaneously  and 
similarly  modified. 

The  modifying  planes  which  are  distrib\ited  on  the  edges  and 
solid  angles  of  the  dominant  form  in  accordance  with  the  first 
lai7,  are  the  planes  of  holohedral  forms  ;  those  which  are  distrib- 
uted in  accordance  with  the  second  law,  are  the  planes  of  hemi- 
kedral  forms. 

(92.)  Forms  of  Crystals  belongiTig  to  the  various  Systevis.  — 
We  shall  only  be  able,  in  tliis  place,  to  give  figures  of  the  most 
important  forms  in  each  system,  and  must  refer  the  student  to 
the  special  works  upon  Mathematical  Crystallography,  for  a 
full  development  of  the  subject.  As  it  is  diificult  for  unpractised 
persons  to  obtain  a  perfect  conception  of  solids  from  projections, 
the  student  is  advised  to  prepare  models  of  the  more  important 
forms.  These  can  be  readily  made  with  the  outlines  of  crystal 
forms  which  are  given  in  several  German  works  on  Crystallogra- 
phy, and  which  have  in  several  cases  been  published  separately.* 
Crystal  models  of  wood  or  of  porcelain  can  be  obtained  from 
dealers  in  philosophical  instruments ;  but  by  far  the  most  in- 
structive models  are  made  with  glass  faces  fastened  together  with 
strips  of  colored  paper  pasted  on  the  edges.  Each  set  of  similar 
edges  is  distinguished  by  its  special  color,  and  the  axes  are  indi- 
cated by  colored  strings  within  the  model.  The  mode  of  com- 
position of  compound  forms  may  be  beautifully  illustrated  by 
making  the  dominant  form  of  card,  and  then,  outside  of  this 
and  enclosing  it,  the  secondary  form  of  glass. 

MoNOMETBic  System. 
The  simple  holohedral  forms  of  the  monometric  system  are 
seven  in  number,  and  are  named  as  follows,  the  numbers  above 
the  figures  corresponding  to  the  numbers  before  the  names. 

*  Kryatftl]forniennct?.e  ziim  Anfertigcn  von  Krystnll  model  Ion,  von  Dr.  Adolf  Kenn- 
t'oW.    Wicn,  1S56.     To  be  procured  fi-om  B.  ■VVestermnnn  &,  Co,  of  New  York. 
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Simple  Ilolohedral  Forms. 


Irtahedron. 


Trigonal  triakis-octahcdron. 
I.  Tetraffonnl  iriokls-octaheilron. 
.   Hcxakis-ootHlierlron. 

Ehombic  dodecahodron. 
!.  Tctnikis-hexahedroTi. 
I  Hcsahedran  (cube). 

12 


Solid  bounrkd  by  8  equilateral  triangles 


isosceles 
3X8  qundnliferal? 
6x8  Bcslciii.  triangle, 
13  rhombs 
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Three  of  these  forms  —  the  octahedron,  a:  a:  a,  the  dodecahe- 
dron, a  :  a  :  00  a,  and  the  hexahedron,  a:  on  ct  :  co  a  —  have  inva- 
riable parameters,  and  therefore  do  not  admit  of  any  variation 
in  the  relative  position  of  their  planes.  They  are  frequently 
called  the  fundamental  forms  of  the  system.  The  parameters 
of  the  remaining  four  forms  are  variable,  and  the  exact  position 
of  their  planes  depends  on  tlie  values  given  to  m  and  k,  which 
are  always  very  simple  rational  numbers.  The  relation  between 
the  forms  can  easily  be  seen  from  the  disposition  of  the  crystals 
in  the  above  figures.  For  example,  in  the  trigonal  triakis-octahe- 
dron,  when  the  value  of  m.  is  unity,  the  solid  angle  o  disappears, 
and  the  form  becomes  an  octahedron.  As  we  give  to  m  larger  and 
larger  values,  the  angle  o  becomes  more  and  more  prominent ; 
and,  finally,  when  «t  =  od,  the  two  planes,  meeting  at  the  edge 
d,  coincide,  and  the  form  becomes  the  dodecahedron.  There 
may,  therefore,  be  an  infinite  number  of  trigonal  triakis-octahe- 
drons,  varying  between  the  two  limits  of  tlie  octahedron  on  the 
one  side,  and  the  dodecahedron  on  the  otlier.  By  drawing  a 
series  of  these  forms  with  gradually  increasing  values  of  m,  the 
relation  can  easily  be  made  evident  to  the  eye.  In  like  manner, 
the  tetragonal  triakis-octahedron  is  an  intermediate  form  between 
the  octahedron  and  the  cube,  and  within  these  two  limits  there 
may  be  an  infinite  number  of  forms  with  different  values  of  m. 
In  fact,  however,  only  a  y&Yj  few  of  the  possible  varieties  of 
either  of  these  forms  have  been  found  in  nature,  the  most  fre- 
quent occurring  values  of  m  being  ^,  2,1,  and  3. 

Again,  the  tetrakis-hesaliedron  is  a  variable  form,  intermediate 
between  the  dodecahedron  and  the  cube.  When  vi  =  1,  the  pair 
of  faces  meetmg  at  m  coincide,  and  we  have  the  dodecahedron. 
As  the  value  of  m  increases,  the  solid  angle  at  A  becomes  more 
and  more  obtuse,  until,  when  m  =  oo,  the  four  planes  meetmg  at 
A  coincide,  and  we  have  a  cube.  Finally,  the  hexakis-octaliedron 
is  the  central  form  of  the  triangular  group.  It  can  easily  be  seen 
that  it  is  intermediate  between  the  octahedron  and  the  tetrakis- 
hexahedron,  between  the  cube  and  the  trigonal  triakis-octahedron, 
and,  lastly,  between  the  dodecaliedron  and  the  tetragonal  triakis- 
octaliedron.  To  trace  out  these  relations,  both  in  the  symbols 
and  the  forms,  is  left  for  an  exercise  to  the  student. 
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Simple  Ilemiliedral  Forms. 
1.  Oblique  Ifemikedral  Forms. 


There  are  two  groups  of  Bimple  hemihedral  forms  in  the  reg- 
ular system.  The  opposite  planes  of  the  characteristic  forms 
of  the  first  of  tliese  groups  are  hidined  to  each  other,  while 
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those  of  the  second  aro  parallel.  Hence  the  forms  of  the  first 
group  have  been  called  oblique  hemikedral  forms  ;  those  of  tlio 
second,  parallel  hemikedral  forms.  The  symbols  of  tlie  oblique 
liemihedral  forms  are  formed  by  writing  J  before  the  symbol  of 
tlie  corresponding  liolohedral  form  enclosed  in  pareiitlieses,  thus ; 
^  (^a  :  m  a  :  m  a).  The  symbols  of  the  parallel  liemihedral  forms 
are  formed  by  writing  J  before  the  symbol  of  the  corresponding 
liolohedral  form  enclosed  in  brackets,  tlius :  \  \a  :  m a  i  m  d\. 

The  oblique  liemihedral  forms  of  the  monometric  system, 
which  are  seven  in  number,  are  represented  in  Fig.  86.  Each 
of  these  forms  Ims  a  liolohedral  form  corresponding  to  it  in  posi- 
tion ill  Fig.  85.     They  are  named  as  follows :  — 


Solid  bounded  by 

{a -.a:  a). 

4  eqailalcral  tiinnglcs. 

(a -.a. -.ma). 

Tetragonal  triakiB-tcfrahedron. 

3X4  quadrilaterals. 

(a:  ma  :«.«). 

Trigonal  triakis-tetrahedron. 

3X4  isosceles  triangle 

(a  :  ™  a  ;  «  «}. 

Hexakis-tctrftliediun. 

6X4  Bcalene          '■ 

■  :   (a  :  o  :  «  n). 

Dodecahedron. 

12  rhombs. 

(a  :,««:«  a). 

Tolrakis-hoxflhedroi.. 

4  X  G  triangles. 

Hexahedron  (tuUe). 

6  squares. 

The  mode  by  which  the  tetrahedron  is  derived  from  the  oo- 

taliedron  has  already  been   explained.     In  Fig.  87,  the  planes 

of  the  octahedron  which  are  suppressed  are 

^^''  sliadcd,  and  tliose  which  are  extended  are  left 

^\  light.     By  comparing  this  figure  with  the  fig- 

^^»        \^         lire  of  the  hexakis-octahedron   (Fig.  88),  in 

^^^^^^^^       wliich  the  parts  corresponding  in  position  to  the 

X^  ^^^^         shaded  parts  of  tlie  octahedron  have  also  been 

\l^^  shaded,  and  the  reverse,  it  will  be  seen  that  a 

a  i  o :  a,  group  of  slx  plaiics  corresponds  in  position, 

gjj  on  this  form,  to  a  single  plane  on  the  octalie- 

drou.     If,  now,  we  extend  tlie  parts  on  this 

form  corresponding  to  the  parts  which  wei'e 

extended  on  the  octahedron,  that  is,  every 

otlier  set  of  six  planes,  those  left  light  in  the 

figure,  we  shall  obtain  tlie  hexakis-tetrahedron, 

a  form  which  bears  the  same  relation  to  the 

tetrahedron  that  the  hexakis-octahedron  does 

to  the  octahedron. 

In  like  manner,  if  wc  apply  the  same  principle  to  the  trigonal 

triakis-octahedron  and  to  the  tetragonal  triakis-octahcdron,  estend- 
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mg  in  these  cases  every  other  set  of  three  planes,  and  suppressing 
the  alternate  sets,  we  shall  obtain  the  tetragonal  triakis-tetrahe- 
dron  and  the  trigonal  ti-iakis-tetrahedron.  It  -will  ho  noticed, 
however,  that  the  trigonal  triakis-octahedron  gives  the  tetragonal 
triakis-tetrahedron,  and  tlio  reyerse. 

On  Fig.  89,  the  portions  of  the  cube  corresponding  in  position 
to  the  planes  of  the  octahedron  which  were  suppressed  arc  shaded, 
and  it  can  be  easily  seen,  that,  if  those  portions 
of  the  cube  faces  which  are  not  sliaded  are  ex- 
tended, they  will  form  a^ain  a  cube.  The  same 
is  true  of  the  tetrakis-liexahedron,  as  may  be 
seen  by  Pig.  90,  and  also  of  the  dodecahedron. 
In  other  words,  the  same  process  by  which  the 
tetrahedron  is  derived  from  the  octahedron,  ap- 
plied to  these  three  forms,  reproduces  these 
forms  again.  These  forms  are  at  once  both 
holohedral  and  oblique  hemihedral  forms,  and 
liave  therefore  a  place  in  both  groups. 

The  seven  oblique  hemihedral  forms  bear 
similar  relations  to  each  other  to  those  sus- 
tained by  the  holohedral  forms,  which  have 
been  already  fully  explained.  The  tetrahedron, 
the  dodecahedron,  and  the  cube  are  invariable 
forms.  The  rest  admit  of  liniited  variation  in  the  position  of 
tlieir  faces,  depending  on  the  values  of  their  parameters.  Thus, 
the  tetragonal  triakis-tetrahedron  is  an  intermediate  form  between 
tlie  tetrahedron  and  the  dodecahedron,  admitting  of  every  possible 
variation  between  these  two  limits.  So  also  the  trigonal  triakis- 
tetrahedron  is  an  intermediate  form  between  the  tetrahedron  and 
the  cube,  and  the  hexakia-tetrahedron  an  intermediate  between  all 
the  forms  of  the  groups.  These  relations  can  easily  be  studied 
out  by  the  student,  both  by  means  of  the  symbols  and  also  by 
means  of  the  figures  of  the  fonns. 

Corresponding  to  each  of  the  hemiliedral  fonns  of  Fig.  86, 
there  is  an  inverse  form,  which  would  be  generated  by  extending 
the  alternate  planes,  or  sets  of  planes,  which  were  f 
before.     The  negative  forms  differ  from  the  corresponding 
tive  forms  only  in  their  position.     In  any  case,  if  the  negative 
form  is  turned  round  on  its  vertical  axis  one  quarter  of  a  revolu- 
tion, it  will  coincide  with  the  positive  form. 
12 '■ 
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2.  Parallel  llemikadral  Forrm. 


Tlie  parallel  hemiliedral  forms  of  the  monometric  system  may 
be  generated  by  extending  alternate  pairs  of  planes  of  the  hexakis- 
octahedron, or  the  portions  of  planes  which  correspond  to  these  pairs 
on  the  other  forms.    In  T"ig.  92,  the  planes  of  the  hexakis-octaho- 


d  by  Google 


i  THREE  STATES  OP   MATTER. 


139 


dron,  ■which  arc  suppressed  m  this  process,  arc  " 
shaded,  and  those  to  be  extended  left  light.  The 
extension  of  the  latter  set  of  planes  leads  to  tho 
central  form  of  Fig.  91,  which  is  called  the  diakis- 
dodecahedron.  If,  now,  we  extend  tho  portions  of 
planes  on  tlie  other  forms  which  correspond  to  the 
alternate  pairs  on  the  hexakis-octahedron  in  po- 
sition, wc  shall  obtain  in  the  case  of  the  tetrakis-hcxahedron  the 
pentagonal  dodecahedron;  but  in  all  the  remaining  five  forms 
this  extension  will  reproduce  the  original  form.  In  Pigs.  93,  94, 
Fig-  53.  ris.  flt,  rig.  as.  rig.  m. 


95,  96,  the  portions  which  correspond  in  position  to  the  alter- 
nate pairs  of  tho  hexakis-octahedron,  on  the  octahedron,  the  two 
triakis-octaliedi-ons,  the  dodecahedron,  and  the  e\ibe,  are  left  light, 
and  it  can  easily  bo  scon  that  the  extension  of  these  portions 
will  reproduce  the  original  form.  It  appears,  therefore,  tliat  the 
same  process  by  which  tlic  diakis-dodocahedron  is  derived  from  the 
hexakis-octahedron,  and  the  pentagonal  dodecahedron  from  the 
tetrakis-hexahodron,  applied  to  the  other  five  simple  holohedral 
forms,  reproduces  these  forms  again.  These  forms  are,  therefore, 
at  once  holohedral  and  parallel  hemihedral  forms,  and  have  a 
place  in  both  groiips.  It  will  also  bo  noticed  that  the  rhombic 
dodecahedron  and  the  cube  belong  to  all  three  groups. 

It  is  not  necessary  to  enumerate  tiie  names  of  tlie  seven 
simple  forms  of  this  group,  since  they  arc  the  same  as  those 
of  the  lioiohedral  group,  with  tho  exception  of  the  two  whose 
names  have  just  been  given.  The  symbols  of  the  parallel  Iiemi- 
liedrons  are  the  same  as  those  of  tho  corresponding  oblique  hcmi- 
hedrons,  witli  the  exception  that  the  bracket  is  used  in  place  of 
the  parenthesis.  Tho  forms  of  Fig.  91  are  all  positive,  but  a  cor- 
responding group  of  negative  forms  can  easily  be  constructed,  by 
extending  the  alternate  planes  or  portions  of  planes  which  were 
suppressed  before,  that  is,  those  whicli  are  shaded  in  Fi^.  92, 
93,  94,  95,  96. 
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The  relations  between  the  seven  parallel  hemihedral  forms  are 
similar,  in  all  respects,  to  those  it'hich  exist  between  the  forms  in 
the  other  two  groups.  The  octahedron,  the  rhombie  dodecahe- 
dron, and  the  cube  are,  as  before,  invariable  forms.  The  remain- 
ing four  are  variable  forms,  the  exact  position  of  the  planes  de- 
pending on  the  values  of  the  parameters.  Since,  after  the  details 
already  given,  the  relations  of  tliese  forms  can  easily  be  traced  by 
the  student,  we  need  not  dwell  upon  the  subject. 

Compound  Forms. 

It  is  only  the  forms  of  the  same  group  whicli  arc  found  united 
on  tlte  same  crystal.  For  example,  ^e  find  the  cube  and  the 
rhombic  dodecahedron,  which  are  common  to  the  three  gro\ips, 
combined  with  any  one  of  the  otlicr  simple  forms  of  the  system,  but 
we  never  fmd  the  octahedron  combined  with  the  hexakis-tctrahe- 
dron,  nor  the  pentagonal  dodecaliedron  combined  with  the  tetra- 
hedron. In  order  to  become  familiar  with  the  compound  forms  of 
this  system,  the  best  method  is  to  study  each  form  in  succession, 
and  consider  liow  it  will  be  modified  by  each  of  the  other  forms 
of  the  system,  ivlien  it  is  the  dominant  form  in  the  combination. 
After  the  description  which  has  been  given  of  the  simple  forms  of 
the  system,  the  student  will  be  able,  with  a  little  study,  to  dis- 
cover the  nature  of  the  modifications  in  each  case,  and  he  can 
confirm  his  results  by  referring  to  the  figures  of  the  compound 
forms  given  in  the  larger  works  on  Crystaliography.*  We  will 
take  the  case  of  the  octahedron  as  an  illustration. 

The  cube  modifies  the  octaliedron  by  truncating  its  solid  angles. 
The  rhombic  dodecaliedron  modifies  it  by  truncating  its  edges ; 
the  tetragonal  triakis-octahodron  by  replacing  its  solid  angles 
by  four  planes,  ■wluch  are  variously  inclined  on  the  faces  of  the 
octahedron,  the  inclination  depending  on  the  value  of  m  in  the 
symbol  of  the  modifying  form,  a:  ma:  ma.  The  trigonal  triakis- 
octahedron  bevels  the  edges  of  the  octahedron,  the  interfacial 
angle  between  the  bevelling  planes  and  the  faces  of  the  octahe- 
dron depending  on  the  value  of  m  in  the  symbol  of  the  modifying 
form,  a  :  a  :  ma.  The  hexakis-octahedron  replaces  the  solid  an- 
gles of  the  octahedron  by  eight  planes,  whose  inclination  on  the 
faces  of  tSie  dominant  form  depends  on  the  values  of  m  and  »  in 

*  Sea  the  plates  of  Naumaim's  "Lchvbudi  der  Krjstallognipliio."    Lcip/ii;.   1E30. 
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the  symbol  of  the  modifying  fonn,  a:  main  a.  Finally,  tho 
tetrakis-hexahedroii  replaces  the  solid  angles  of  the  octahe- 
dron by  four  planes  inclined  on  the  edges  of  the  dominant 
form  at  angles  vliich  depend  on  the  value  of  m  in  the  symbol 

We  give  below  several  figures  of  compound  crystals.  The 
symbols,  whidi  are  also  added,  ivill  furnish  a  sufficient  descrip 
lion  of  the  forms. 
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DiMETRic  System, 
Simple  Ilolohcdral  Forms, 


The  most  important  simple  forms  of  tlie  dimetric  system  are 
represented  in  Fig.  98,  and  tlic  forms  have  been  grouped  so  that 
the  relation  between  them  can  be  easily  seen.    We  can  study  this 
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relation  to  the  best  advantage,  by  commencing  vrhh  Xo.  2,  which 
is  called  the  square  octahedron,  and  whose  symbol  is  a  :  a  ;  b. 
When  the  length  of  the  semi-axis  b  is  greater  than  that  of  a,  as 
is  the  case  in  crystals  of  sulphate  of  nickel,  where  a  :b  ^ 
1 :  1.906,  then  the  octahedron  is  acute,  iiko  No.  3.  When, 
however,  the  length  of  the  semi-axis  b  is  less  than  that  of  a,  as 
is  the  case  in  crystals  of  acid  phosphate  of  potassa,  where 
a  :  b  =^\:  0.664,  then  the  octahedron  is  obtuse,  like  No.  2. 

In  the  monometric  system,  we  can  have  only  one  octahedron  ; 
but  in  the  dimetric  system  the  same  substance  frequently  pre- 
sents several  octahedrons.  In  all  cases,  however,  if  we  reduce 
the  octahedrons  to  the  same  base,  the  lengths  of  their  vertical 
axes  will  bear  to  each  other  very  simple  and  rational  ratios. 
Thus,  for  example,  on  crystals  of  sulphate  of  nickel  we  find  octa- 
hedrons, where  the  ratio  of  the  two  semi-axes  is  not  only  1 : 1.906, 
but  also  1  :  0.953  and  1  :  0.635.  The  first  of  these  octahedrons 
has  been  selected  as  the  principal  form  of  this  substance,  because 
it  is  the  one  which  is  the  most  frequently  seen,  and  which,  in  com- 
pound crystals,  is  generally  the  dominant  form.  To  the  planes 
of  this  form  we  give  the  symbol  a  :  a  :  b,  and  then  the  symbols 
of  the  other  octahedrons  are  fl  :  «  :  J  b,  and  a  :  a:  ^b. 

When  a  siibstance  presents  several  octahedrons,  we  are  guided 
in  the  selection  of  one  of  these  for  the  principal  form  by  many 
circumstances.  Among  these  may  be  mentioned  the  frequency 
of  occurrence,  the  predominance  of  the  planes  of  tho  different 
octahedrons  on  compotind  crystals,  the  position  of  the  planes  of 
cleavage,  and  tho  crystalline  form  of  other  substances  wiiich  are 
analogous  in  composition  and  homosomorphous^  with  it.  The 
selection  is  in  all  eases,  however,  more  or  less  arbitrary,  and  we 
must  be  careful  in  comparing  tho  crystalline  forms  of  different 
substances  to  keep  this  fact  in  view,  since  otherwise  we  might  be 
led  to  erroneous  conclusions,  t 

Having,  then,  in  the  case  of  a  given  siibstance  crystallizing  in 
the  dimetrio  system,  selected  one  octahedron  as  the  principal 
form,  and  given  to  it  the  symbol  a  :  a  :  6,  wc  may  have  on  crys- 
tals of  this  same  substance  an  infinite  number  of  other  octahe- 
drons, having  the  general  symbol  a  :  a  :  mb,  where  m  is  always 

«  Two  substances  are  enid  to  bo  liomcEOmorp lions,  nlioii  tlicj-  crystal lii-.i)  in  li-.rms 
wliicli  arc  closely  allied. 

t  See  Dana's' System  of  Mineralogy,  Vol.  I.  p.  1B2  ami  followiiijj. 
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a  Tcry  simple  rational  integer  or  fraction.  Thus  we  may  havo 
octaliodroiis  whoso  symbols  are 

a  :  a  :  2b,  or  a:  a  :  f^b. 

a-.a-.Zb,  "  a:a:^h. 

a:  a:  ib,  "  a:  a:  lb. 

As  the  Taluc  of  m  increases,  tho  octahedrons  becomo  more  and 
more  acute ;  and  finally,  when  vi  =  ca,  the  octahedral  planes 
become  parallel  to  the  vertical  axis,  and  we  have  the  square 
prism  whoso  symbol  is  a:a:  •xb  (Ko.  4,  Pig.  98).  This  wo 
may  regard  as  one  limit  of  the  series  of  octahedrons.  On  the 
other  liaud,  as  the  value  of  vi  diminishes,  the  octahedrons  be- 
come more  and  more  obtuse  ;  and  finally,  when  vi  =  o,  the  octa- 
hedral planes  coincide  with  the  basal  plane,  No.  1,  which  wo  may 
regard  as  tho  other  limit  of  the  series.  The  symbol  of  tlie  basal 
plane  may  be  written  either  a:  a:  oh,  or,  as  is  more  usual, 
t»  a  :  oD  (I :  &,  which  is  obtained  from  the  first  by  multiplying  each 
parameter  by  od,  remembering  tliat  0  X  so  =  1- 

It  will  be  noticed  that  neither  tho  square  prism  nor  tlie  basal 
plane  encloses  space,  and  therefore  neither  can  alone  constitute 
a  crystal.  The  two  combined  form  a  square  prism  with  its  basal 
plane,  which  is  therefore  a  compound  crystal. 

In  the  monometric  system,  the  axes  of  tho  octahedron  always 
unite  the  vertices  of  the  opposite  solid  angles.  In  the  dimetrio 
system,  also,  the  vertical  axis  always  unites  the  vertices  of  tho 
two  solid  angles  forming  the  summits  of  the  octahedron,  but  the 
lateral  axes  may  have  two  positions.  They  may  cither  unite  the 
solid  angles  or  tho  centres  of  opposite  basal  edges.  Tho  two  posi- 
tions which  these  axes  may  assume  are  represented  in  Figs.  99, 
100,  which  represent  sections  through  the  base  of  the  octahedron. 
We  may  thiis  have  two  octa- 
hedrons, such  as  Nos.  3  and 
11,  of  diflcrent  dimensions, 
but  yet  having  axes  which 
are  perfectly  equal.  The  fa- 
cos  of  the  octahedron  whose 
base  is  represented  by  Fig. 
100  have  the  same  position  as  the  edges  of  the  octahedron  whose 
base  is  represented  by  Fig.  99.  We  distinguish  the  two  octahe- 
drons by  calling  the  one  represented  in  No.  3  tlie  direct  octahc- 
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dron,  and  tho  one  represented  in  No.  11  tlio  inverse  octahedron. 
Since  the  external  appearance  of  tlio  two  octahedrons  is  precisely 
the  same,  ifc  is  not  always  possible  to  determine  to  which  form  a 
.  given  crystal  belongs ;  and  this  fact  introduces  a  still  further 
difficulty  in  determining  the  principal  form  of  a  substance. 

The  general  symbol  of  the  inverse  octahedron  is  a  :  rj^a  :  tub, 
ivhere  vi  represents  any  simple  rational  integer  or  fraction.  Thus 
we  may  have  inverse  octahedrons  on  crystals  of  the  same  siib- 
stanco,  whose  symbols  are 

oa:  b,  or  a  :  <x>a  :  Ih. 

ca:2h,  "  a:a,a:ib. 

oa:  Qb,  "  a  :  <x,a  :  ^b. 

The  limit  of  this  series  of  octahedrons  o]i  one  side  is  a  square 
prism,  No.  12,  whose  symbol  is  «  ;  a>  n  ;  oo  &  ;  and  on  the  other 
side  the  basal  plane,  whose  symbol  is  a:  x  a:  0  b,  or  ca  aixaib. 
Between  the  direct  octahedron,  No.  3,  and  its  corresponding 
inverse  octaliedron,  No.  11,  there  is  an  intermediate  form,  No.  7, 
which  may  be  called  the  dioctahedron.  The  parameters  of  the 
faces  of  this  form  are  a  :  m  (i  :  w  ft.  When  m  =  1  this  form 
becomes  the  direct  octahedron,  and  when  m  ^  oo  it  passes  into 
the  inverse  octahedron.  Again,  for  any  constant  value  of  m,  for 
example,  m  =  2,  as  in  the  figure,  we  may  liave  aii  intinite  series 
of  dioctahedrons  with  different  values  of  n.  As  the  value  of  « 
increases,  these  dioctahedrons  become  more  and  more  acute ;  and 
when  n  E==  03,  they  pass  into  the  octagonal  prism.  No.  8.  As  the 
value  of  n  diminishes,  they  become  more  and  more  obtuse  ;  and 
when  M  =  0,  they  pass  into  the  basal  plane.  No.  5.  For  any 
other  value  of  m,  for  example,  ra  =  3,  we  may  have  a  similar 
series  ;  and  hence  there  may  be  an  infinite  number  of  series  of 
dioctahedrons  and  an  infinite  number  of  forms  in  each  series. 

Ilemikedral  Simple  Forms. 
By  extending  the  alternate  planes  of  the  square  octahedron, 
two  tetrahedrons  may  be  obtained  similar  to  the  two  tetrahedrons 
of  the  monometrie  system,  but  differing  from  them  in  the  rela- 
tive length  of  their  vertical  asis.  We  may  evidently  have  a 
series  of  either  positive  or  negative  tetrahedrons,  corresponding 
with  the  system  of  octahedrons,  and  varying  between  a  square 
prism  on  one  side  and  the  basal  plane  on  the  other.  In  like 
13 
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cr,  by  extending  the  alternate  planes  or  tlie  alternate  sets 
of  i^Uues  oE  the  dioctahedron,  we  may  obtain  several  liemihodral 
forma.  The  hemihedral  forms  of  this  system,  however,  rarely 
occur  except  as  modifying  holohedral  forms. 


Compovnd  Forms. 


Fig  ins. 
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When  the  two  principal  octahedrons  combine,  tho  invorso  octa- 
licdron  truncates  the  edges  of  the  direct  octahedron,  as  in  Fig.  101, 
which  also  presents  the  two  basal  planes.  Fig.  102  represents  a 
combination  of  the  principal  octahedron,  o,  with  an  octahedron 
of  the  same  class,  g,  and  with  an  octahedron  of  the  second  class, 
2  d.  Fig.  103  represents  a  combination  of  the  square  prism  of  the 
first  classjg-,  with  the  principal  octahedron,  o.  Fig.  104  represents 
a  combination  of  the  square  prism  of  the  second  class,  a,  with 
the  principal  octahedron,  o,  in  which  the  prism  is  the  dominant 
fonn.  Pig,  105  represents  the  same  combination,  in  wltich  the 
octahedron  is  the  dominant  form,  with  the  addition  of  the  basa! 
planes.  Tlie  composition  of  the  two  remaining  crystals  can  easily 
1)0  made  out  from  tha  symljols  below  the  figures. 
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The  simple  forms  of  the  hexagonal  system  are  closely  allied  to 
those  of  the  dinietric  system.  They  are  represented  in  Fig.  108, 
and  the  relation  between  them  is  indicated  by  the  arrangement  of 
the  forms  in  the  iigure.  The  fundamental  form  of  this  system  is 
called  the  hexagonal  pyramid,*  No.  3.  The  crystals  of  the  same 
substance  may  present  a  number  of  these  hexagonal  pyramids,  but 
we  always  find  that,  when  they  have  the  same  base,  the  lengths  of 
their  vertical  axes  stand  to  each  other  in  vciy  simple  ratios.     As 


■npi/ramd'a  not  used  hcp 
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ill  the  dimetric  system,  we  select  one  of  these  for  the  principal 
form,  and  giye  to  it  the  symbol  a  :  a  :  6^  a  :  b.  The  general 
symbol  of  the  other  liexagoiial  pyramids  of  the  aamo  substance 
is  then  a:  a:  oc  a  :  m  &,  in  which  m  is  always  some  very  simple 
integer  or  fraction.  As  the  value  of  m  increases,  the  pyramid 
becomes  more  and  more  aeute  ;  and  when  wt  =  oo,  it  passes  into 
the  hexagonal  prism,  No.  5.  Oil  the  other  hand,  as  the  value  of 
m  diminishes,  the  pyramid  becomes  more  and  more  obtuse,  and 
finally  passes  into  the  basal  plane,  No.  1  This  series  of  pyramids 
are  called  hexagonal  pt/ramids  of  the  first  order,  to  distinguish 
them  from  the  hexagonal  pyramids  represented  in  the  lower 
row  of  forms  in  Fig.  108,  which  are  called  hexagonal  pyramids 
of  the  second  order. 

In  the  hexagonal  pyramids  of  the  second  order,  the  lateral 
axes  unite  the  centres  of  edges,  as  in  Fig.  110,  while  in  those  of 
the  first  order  they  unite 
opposite  solid  angles,  as 
in  Fig.  109.  The  lengths 
of  the  axes  in  the  two  fig- 
ures are  the  same.  The 
intersection  of  one  of  the 
faces  of  the  pyramid  of 
the  second  order  with  the 
basal  plane,  is  the  line 
E  E,  Fig.  110,  and  it  can  easily  be  seen  that  tliis  plane,  if  ex- 
tended, would  intersect  the  three  lateral  axes  at  distances  from 
the  centre  of  2  a,  a,  and  2  a  respectively.  The  symbol  of  the 
principal  pyramid  of  this  class  (No.  IS  of  Fig.  108)  is  therefore 
2  a  :  a:  %  a  lb,  and  the  general  symbol  of  other  pyramids  of  the 
second  class  2  <j :  a:  2a:mb,  where  m  is  always  some  simple 
rational  integer  or  fraction.  As  the  value  of  m  increases  or 
duninishes,  this  scries  of  pyramids  passes  through  the  same  va- 
riations of  form  as  those  of  the  fii^t  class.  The  two  limits  are 
the  hexagonal  prism,  where  m  =  co,  and  the  basal  plane,  where 

It  will  be  noticed  that  the  planes  of  the  hexagonal  pyramid  and 
prism  of  the  second  order  have  the  same  position  as  the  edges  of 
the  corresponding  forms  of  the  first  order,  and  will  therefore 
truncate  these  edges  when  the  two  forms  enter  into  combination. 

Intermediate  between  the  two  classes  of  hexagonal  pyramids 
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arc   the  dihcxagonal  pyramids  (Fig.  111). 
This  form  is  bounded  by  twenty-four  sca- 
lene triangles,  and  the  symbol  of  the  piin- 
cipal  form  of  the  class  is  ma:  a:pa:  b,ii 
whicli  m  and  p  are  bo  related  that  p  =  ^~ 
When  771  ==  1  then  p  =  x,  and  this  form 
passes  into  the  hexagonal  pyramid  of  the 
first  order,  and  when  ni  ^  2  then  p  =  2, 
and  it  passes  into  the  hexagonal  pyramid  of 
the  second  order.     The  general  symbol  of 
other  dihexagonal  pyramids  is  ma:  a:  pa: 
n  b,  where  n  is  any  rational  fraction  or  in- 
teger.   AVlien  ns=cx>,  the  form  passes  into  the  dihcxagonal  prism, 
No.  10  of  Fig.  108,  and  when  m  =  o,  it  passes  into  the  basal  plane, 
No.  6  of  Fig.  108. 

Simple  Ilemihedral  Forms. 

'j'he  liemihedral  forms  of  this  system  occur  more  frequently  in 
nature  tlian  the  holohedral  forms,  and  therefore  demand  special 
attention.  The  most  important  of  them  are  represented  in  Pig. 
115  (see  next  page),  in  which  the  forms  have  been  grouped 
so  as  to  show  the  relations  between  them.  In  studying  these 
forms,  we  will  commence  with  the  rhorabohedron,  Nos.  2,  3, 4  of 
Pig.  115. 

Rhomboltedron.  —  The  rhomboliedron  is  bounded  by  six  equal 
and  similar  rliombs.     Its  edges  ai-e  of  two  kinds ;  —  first,  six  sim- 


ilar terminal  edges,  :narked  X  in  Fig.  112  ;  secondly,  six  similar 
lateral  edges,  which  are  lettered  Z.  The  solid  angles  are  also  of 
two  kinds ;  —  first,  two  similar  vertical  solid  angles,  lettered  C, 
consisting  of  throe  equal  plane  angles  ;  secondly,  six  lateral  solid 
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angles,  lettered  E,  wliicli  are  similar  to  each  other,  b\it  do  not 


consist  of  equal 


The  vertical  axis  of  the  rhombohedroii 


connects  tlio  vertical  solid  angles,  Tlie  lateral  axes  connect  the 
centres  of  opposite  edges. 

The  interfacial  angles  forreied  at  the  terminal  edges  X  arc  all 
equal  to  each  other.  This  angle  is  one  of  the  most  important 
characters  of  the  rhombohedron,  and  wo  shall  call  it  the  rhontbo- 
hedral  angle,  and  distinguish  it  by  the  same  letter  which  we  have 
used  to  denote  the  edge.  When  this  angle  is  acute,  tlio  rhombo- 
hedron is  said  to  be  acute,  and  when  it  is  obtuse,  the  rhombohe- 
dron is  said  to  be  obtuse. 

The  sections  of  the  rhombohedron  passing  tlirougli  two  opposite 
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terininal  edges  are  rliombs  wliicli  are  perpend ictilar  to  two  of  the 
faces  of  the  form.  There  are  three  such  sections  in  every  rhom- 
bohedroii,  and  they  are  called  principal  sections.  One  of  tliese, 
CE  C'E',  is  represented  in  Mg.  112. 

The  crystals  of  a  given  substance  frequently  present  a  number 
of  rhombohedrons,  both  obtuse  and  acute  ;  but  when  these  rhom- 
bohedrons  have  the  same  lateral  axes,  their  vertical  axes  always 
bear  to  each  other  a  very  simple  proportion.  One  of  these  rhom- 
bohedrons, which  is  selected  on  the  same  grounds  as  those  already 
stated  in  connection  with  the  dimetric  system,  is  termed  the 
principal  rhombohedron. 

The  principal  rhombohedron  may  be  regarded  as  fonned  from 
the  principal  hexagonal  pyramid,  by  extending  thealternate  planes 
until  they  cover  the  rest  As  there  are  two  sets  of  alternate 
planes,  it  is  evident  that  we  can  obtain  by  this  method  two  rhom- 
bohedrons which  are  perfectly  equal,  and  -which  differ  from  each 
otlier  only  in  position.  Wo  shall  call  them  tlio  positive  and  negar 
live  rhombohedrons,  and  distinguish  them  by  writing  the  signs 
plus  and  minus  before  the  symbols.  These  symbols  are  given 
be'ow  Figs.  112, 114,  and  it  will  be  seen  that  they  are  formed 
after  the  analogy  of  tlie  symbols  of  the  hemihedra!  fonns  in  the 
monometric  system. 

Since  every  hexagonal  pyramid  will  give  by  this  method  two 
rhombohedrons,  it  is  evident  that,  corresponding  to  the  scries  of 
hexagonal  pyramids,  Fig.  108,  we  have  two  series  of  rhombohe- 
drons. The  general  symbols  of  tliese  two  classes  of  rhombohe- 
droas  are 

-}-  ^  (a  :  a  :  ooa  :  J»&),     and     —  |  (a  :  «  :  ooa  :  m  6). 

As  the  value  of  m  increases,  the  rhombohedrons  become  more  and 
more  acute,  and  finally,  when  m  =  co,  they  pass  into  the  hex- 
agonal prism.  No.  5,  Fig.  115,  On  the  other  hand,  as  the  value 
of  m  diminishes,  the  rhombohedrons  become  more  and  more 
obtuse,  and  when  m  :=  0  they  pass  into  the  b^al  plane.  No.  1, 
Fig.  115. 

Of  the  series  of  possible  rhombohedrons  with  any  given  values 
of  the  axes,  there  are  several  which  stand  to  each  other  in  an  im- 
portant relation.  Commencing  with  the  principal  positive  rhom- 
bohedron, -f  J  (a :  a :  CO  a :  6),  No.  3,  Fig.  115,  we  find  that  the 
planes  of  the  negative  rhombohedron  —  -J  (a :  a  :  go  c  :  1 6) ,  No.  2, 
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have  the  samo  position  as  its  terminal  edges,  and  therefore 
truncate  tliem  This  rhombohedron  is  called  the  first  obtuse 
rkombohedron.  Again,  the  faces  of  the  positive  rhomhohedron 
-]-  \  (a  :  a  :  ix)  a  :  \  b~)  truncate  the  edges  of  the  first  obtuse 
I'liombohcdron,  and  it  is  called  the  second  obtuse  rhombohe- 
dron, and  BO  on.  On  the  otiier  hand,  the  faces  of  the  principal 
rhombohedron  truncate  the  edges  of  the  negative  rhombohedron 
—  J  (a  :  «  :  rod  :  2  6),  No,  4,  which  is  called  the  first  acute  . 
rhombohedron.  The  faces  of  the  first  acute  rhombohedron  trun- 
cate the  edges  of  the  positive  rhombohedron  ■]-  \(a:  a:  iX'a:  4.b^, 
which  is  called  the  second  acute  rhombohedron,  and  so  on. 

The  rhombohedrous  -nrhich  form  this  series  are,  then,  as  fol- 


Third  obtuse  rhombohedron, 

-iia-.a 

cc  a  ;  {  6)  =  —  1  ^. 

Second  "               " 

+  K«:« 

o,<.:J6)=+iJf. 

First       "                 " 

-!(»;<• 

»o:44)  =  -Hi 

Principal  rhombohedron, 

+  Ko  :  « 

««:(,)     =+R. 

First  acute  rliombohedrou, 

-K«:« 

a>a:2b}  =  ^2n 

Second  "                 " 

+ 1  (o  :  a 

a,a:ib)  =  +ilt 

Third     " 

-}(«:<. 

a,ft:8i^  =  — 8^ 

And  in  this  series  each  rhomhohedron  truncates  the  terminal 
edges  of  the  one  which  follows  it.  In  crystals  of  the  mineral 
caleite,  almost  all  the  above  rhombohedrons  have  been  observed, 
and  a  large  number  of  others,  not  belonging  to  the  series,  but  in- 
termediate between  the  members  of  it.  The  general  appearance 
of  these  crystals  varies  from  almost  flat  plates,  where  the  ter- 
minal' angle  X  =  160°  42',  to  sharp  needles,  where  the  angle 
X  =  60=  20'. 

As  the  regular  symbol  of  the  rhombohedron  is  inconveniently 
long,  we  frequently  abbreviate  it  in  practice,  and  wi-ite,  as  tho 
symbol  of  the  principal  rhombohedrons  of  a  given  substance, 
±  R.  For  other  rhombohedrons  we  use  the  general  symbol 
dz  m  R,  in  which  m  is  the  same  quantity  as  the  m  in  the  reg- 
ular symbol.  The  abbreviated  symbols  of  the  series  of  acute  and 
obtuse  rhombohedrons  have  been  given  after  the  corresponding 
regular  symbols  in  the  above  table,  and  by  comparing  the  two  the 
use  of  the  abbreviation  can  be  easily  understood. 

Intermediate  between  the  obtuse  and  acute  rhombohedrons 
there  is  a  possible  form,  where  X  =  90°.     This  is  the  case  when 
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«  :  m  6  =  1  :  v*!"-  Tlie  rliombohedron  then  becomes  tlio  cube, 
which  may  therefore  be  regarded  as  a  form  of  the  hexagonal 
system.  In  like  manner,  all  the  other  simple  forms  of  the  mono- 
metric  system  may  be  regarded  as  forms  of  the  hexagonal  system, 
but  iu  this  system  they  are  compound  forms.  In  consequence  of 
this  analogy,  the  crystals  of  tlie  two  systems  frequently  resemble 
each  otiier  very  closely,  especially  when  they  have  been  irregu- 
larly formed. 

ScalenokedroH. — By  comparing  together  Figs.  116  and  117, 
on  which  the  similar  parts  have  been  similarly  lettered,  it  will  be 
seen  that  in  tlio  posi- 
tion occupied  by  one 
plane  on  the  hexagonal 
pyramid  there  are  two 
planes  on  the  dihex- 
agonal  pyramid ;  and 
hence,  that  wo  must 
extend  the  alternate 
pairs  of  planes  on  the 
dihexagonal  pyramid, 
in  order  to  apply  to  it 
the  same  method  by 
which  we  obtained  the 
rhombohedron  from  the  hexagonal  pyramid.  If,  then,  we  extend 
the  alternate  pairs  of  planes  on  the  dihexagonal  pyramid,  commen- 
cing with  the  two  front  upper  planes  of  Fig,, 116, 
we  shall  obtain  the  form  represented  in  Fig.  118, 
and  called  a  scalenohedron;  or,  by  extending  the 
planes  suppressed  in  the  last  case,  a  second  scale- 
nohedron,  differing  from  the  first  only  in  position. 
The  two  are  distinguished,  like  the  rhombohe- 
drons,  as  positive  and  negative  scalenoliedrons. 
The  scalenohedron,  ■which  is  derived  from  the 
principal  dihexagonal  pyramid,  will  be  called 
the  principal  scalenohedron,  and  its  symbol  is 
dz  i  (j»  a  :  o  :  J?  d  :  6).  The  general  symbol  of 
other  scalenoliedrons  is  ±  \(ma:  a:pa:nh~). 
As  the  value  of  n  diminishes,  the  scalenohedron 

s  more  and  more  obtuse,  and  finally,  when  n^=o,  merges 
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in  the  basal  piano.  On  the  other  hand,  with  increasing  values 
of  n,  the  BCalenohedron  becomes  more  and  more  acute,  and  when 
«  ^  c»  mei^es  into  the  dihexagonal  prism. 

By  bringing  together  the  rhombohedron  and  the  scalenohedron, 
as  has  been  done  in  Fig.  119,  it  will  be  noticed  that  the  lateral 
edges  of  the  two  forms  have  a  similar  position 
towards  the  axes,  so  that  for  every  scalenohe- 
dron there  must  be  a  rhombohedron  whose  lat- 
eral edges  coincide  with  the  lateral  edges  of  the 
other  form.  This  rhombohedron  is  called  the 
inscribed  rhombohedron  of  the  scalenohedron. 
Tlie  scalenohedron  may  evidently  be  formed 
from  the  inscribed  rhomboliedron  by  prolong- 
ing tlie  vertical  axis,  and  then  drawing  lines 
from  the  ends  of  the  vertical  axis  thus  pro- 
duced to  the  lateral  solid  angles  of  tlie  rhom- 
bohedron. It  is  evident  that  we  may  thus 
make  from  every  rhombohedron  an  infinite 
number  of  scalenohedrons,  whose  form  will 
depend  upon  the  extent  to  which  the  vertical 
axis  has  boon  elongated.  "VVe  find,  however, 
that  the  semi-vertical  axis  of  the  scalenohe- 
dron is  always  some  simple  raxiltiple  of  that 
of  the  inscribed  rhombohedron.  Hence  we 
may  use,  as  the  abbreviated  symbol  of  tlie  scalenohedron,  the  ab- 
breviated symbol  of  the  corresjtonding  inscribed  rhombohedron, 
with  an  exponent  hidicating  how  many  times  its  serai-vertical 
axis  is  greater  than  that  of  the  rhombohedron.  If,  as  in  Fig,  119, 
the  inscribed  rhombohedron  is  the  principal  rhombohedron,  -|-  R, 
and  the  semi-vertical  axis  of  the  scalenohedron  is  three  times 
that  of  the  rhombohedron,  the  abbreviated  symbol  of  the  rhombo- 
hedron is  -\-  R'.  The  general  symbol  for  any  scalenohedron  is 
±  m  R",  in  which  d=  m  R  is  the  symbol  of  the  inscribed  rhom- 
bohedron. It  has  already  been  stated,  that  the  number  of  the 
possible  rhombohedrons  on  the  crystals  of  a  given  substance  is 
infinite,  and  it  now  appears  that  for  every  rimmbohedron  there 
may  be  an  infinite  number  of  scalenohedrons  ;  so  that  the  num- 
ber of  possible  scalenohedrons  on  the  crystals  of  a  given  snb- 
utanoe  is  infinitely  greater  than  the  infinite  number  of  possible 
I'hombohedrona,     The  mineral  caleitc  has  a  great  tendency  to 
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crystalllzQ  in  scalehohedrons  (dog-tooth  crystals),  and  no  less 
tliaii  tliirty-eiglit  rliomboliedrons  and  seventy-six  scalenohedrons 
have  been  observed  among  the  crystals  of  this  substance.* 

Besides  the  two  bemihedral  forms  which  have  been  described, 
there  are  two  other  hemihedral  forms  in  the  hexagonal  system, 
which  may  be  derived  from  the  diliexagonal  pyramid. 

The/rsf  of  these  is  obtained  by  extending  the  alternate  pairs 
of  planes,  united  at  a  lateral  edge,  A  E,  Tig.  120,  where  the  al- 
ternate planes  are  distinguished  by  the  shad- 
ing. As  we  extend  the  shaded  or  tlio  un- 
shaded planes  of  Pig.  120,  we  obtain  one 
or  the  otlier  of  two  hexagonal  pyramids, 
which  differ  from  each  other  and  from  the 
hexagonal  pyramids  already  described  only 
in  the  position  of  the  axes.  Tlie  lateral 
axes  of  the  pyramids  thus  derived  do  not 
unite  the  opposite  solid  angles,  as  is  the  case 
with  pyramids  of  the  first  order  (Fig.  109) ; 
nor  yet  the  centres  of  opposite  edges,  as  is 
the  case  witli  pyramids  of  the  second  order 
(Pig.  110)  ;  but  points  on  the  lateral  edges  intermediate  between 
the  centre  and  the  ends. 

The  second  of  these  hemiliedral  forms  is  obtained  by  extend- 
ing the  alternate  pairs  of  planes  united  at  a  lateral  solid  angle. 


as  shown  by  the  shading  in  Pig.  121.  According  as  the  un- 
shaded or  the  stiadcd  planes  are  extended,  we  obtain  the  two 
forms  represented  in  Pigs.  122, 123.     They  are  called  the  hex- 

*  See  Dana's  System  of  Mineralogy,  Vol.  II.  p.  437,  for  tlie  Fyiuliols  of  these  fontisi. 
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agrnial  trapezohcdrons.  The  two  forms  derived  from  the  same 
dihexagonal  pyramid  differ  from  each  other,  not  only  in  tlie  abso- 
lute position  of  the  form,  bnt  also  in  the  relative  position  of  tlieir 
planes.  They  are  distinguished  as  the  rig-kt  and  left  trapezohe- 
drons,  and  their  symbols  are  respectively 

r    i  (ill a  :  a  :  pa  :  nby,      and      /    \  (^m n  :  a  : p a  :  nb'). 

Tetartohedral  Forms. 

By  extending  tlie  alternate  planes  of  the  right  hexagonal  tra^ 
pezohedron  (Fig.  151),  vre  can  obtain  two  forms,  differing  from 
each  other  oidy  in  position,  whose  symbols  arc 
zi:  r  l(m  a  :  a  :  p  a  :  nb)  ; 
and,  in  like  manner,  from  the  loft  hexagonal  trapezohedron  two 
other  forms  may  be  obtained,  whose  symbols  arc 

■±:  1 1  (m  a  :  a  : p  a  :  n  b"). 
Each  of  these  four  forms  is  bounded  by  six  isosceles  trapeziums, 
and   they  are   therefore  called  trigonal  trapezohedrons.     They 
are  evidently  tetartohedral  forms  of  the  dihexagonal  pyramid. 

These  tetartohedral  forms  are  never  found  isolated  in  nature  ; 
but  they  appear  very  frequently  on  crystals  of  quartz  in  combina- 
tion with  other  forms.  The  crystals  of  this  mineral  aro  usually  a 
combination  of  a  hexagonal  prism  with  a  hexagonal  pyramid  of 
the  same  order  (Fig..  125),  and  the  trigonal  trapezohcdrons  ap- 
pear as  modifying  planes  on  tlie  solid  angles.     In  Fig.  124,  the 


lateral  solid  angles  arc  modified  by  the  planes  of  the  positive 
right-trigonal  trapezohcdrons,  and  iii  Pig.  126.  by  tlie  planes  of 
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the  positive  left-trigonal  trapezohcdroii.  The  two  negative  forms 
would  modify  in  a  similar  way  the  set  of  solid  angles,  which  are 
not  modified  in  the  figures. 

The  difference  of  form  between  the  right  and  left  trapezohe- 
.dron  is  found  to  be  accompanied  with  remarkable  differences  of 
optical  properties,  which  will  be  explained  in  the  section  on  the 
circulai-  polarization  of  light. 

Compound  Forms. 

The  crystal  represented  by  Fig.  127  is  a  combination  of  the 

hesagoual  prism  with  the  basal  plane,  the  symbols  of  which  are 

given  in  fliis  order  below  the  figure.    On  the  ciystal  represented  by 


Fig.  128  there  are  evident- 
ly the  faces  of  two  rhora- 
bohedrons,  the  one  positive 
and  the  other  negative.  If 
we  assume  that  the  faces  let- 
tered r  are  those  of  the  prin- 
cipal rhoinbohedron,  R,  then 
it  is  evident  that  the  faces 
lettered  7=  f^^e  those  of  the 

first  obtiise   rhombohcdron,  "^ "  

J  R,  because  they  truncate  the  vertical  edges  of  the  rhoinbohe- 
dron R.  As  the  planes  of  tlie  first  obtuse  rhombohedron  aro 
much  larger  tlian  tliose  of  the  principal  riiombohedron,  it  is  not 
at  once  evident  from  the  figure  that  the  first  are  truncating 
planes ;  but  on  a  model  tliis  fact  could  easily  be  discovered,  by 
noticing  that  the  edges  formed  by  any  plane, 'A,  with  the  two 
adjacent  planes,  r,  are  in  every  case  parallel  (91).  If,  in  Fig. 
129,  we  assume  that  the  faces  r  are  those  of  the  principal  rhom- 
bohedron, then  the  faces  '/,,  which  truncate  the  edges  of  the  prin- 
14 
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cipal  rliomboliedroii,  belong  to  the  first  obtuse  rliombolieiiroii, 
—  i  R,  and  the  faces  2  r  to  the  first  acute  rhombohedron  —  2  Ji ; 
because  the  edges  of  this  form  are  truncated  by  the  faces  r  of  the 
principal  rhombohedroii .  Fig.  130  represents  a  combination  of  tlie 
principal  rhombohedron  with  its  second  acute  rhombohedron,  4  It. 
Fig.  131  represents  the  combination  of  the  principal  rhombohedron 
with  the  basal  plane.  It  will  be  noticed  how  closely  this  form  re- 
sembles the  octahedron  of  the  monometric  system,  and  it,  in  fact, 
merges  into  tlie  octahedron  when  the  angle  of  a  on  r  is  equal 
to  109°  28'  16",  which  is  the 
case  when  the  ases  of  the 
rhombohedron  arc  to  each  oth- 
er as  1  :  2.4495.  It  will  be 
remembered  that  the  cube 
may  be  regarded  as  a  rhom- 
bohedron, ill  which  ffl  :  6  = 
1  :  1.2247.  Hence  the  octa- 
hedron may  be  regarded  as 
the  first  acute  rhombohedron 
—  ■'<■"■  "■"■      ■  Qf  l]^g  cube  combined  witli  the 

basal  plane.  The  compound  form  of  Fig.  132  consists  of  a 
hexagonal  prism  of  the  first  order  combined  with  the  rliombo- 
hedrou  — ■  i  R.  Finally,  Fig.  133  represents  a  combination  of 
a  scalcnohcdron,  R',  with  the  rhombohedron  R. 


TitiMETRic  System. 
Simple  Forms. 


The  fnndamental  form  of  this  system  is  the  rhombic  octahedron, 
so   called  because  the  three  principal  sections  made  by  planes 
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passing  through  the  axis  are  all  rhomha.*  This  fact  is  illustrated 
by  Figs.  135,  136, 137,  which  represent  these  sections,  and  which 
have  been  lettered  to  correspond  -with  Fig.  134.  The  same  sub- 
stance frequently  crystallizes  in  several  octahedrons.  lu  such 
cases  we  select  one  of  these  as  tlie  principal  octahedron,  giving  to 
it  the  symbol  a  :  b  :  c,  and  we  then  find  that  the  parameters  of 
the  planes  of  the  other  octaliedrons  always  stand  in  some  simple 
relation  to  those  of  the  one  tlius  selected.  Besides  the  octahe- 
drons, the  only  other  simple  forms  of  this  system  are  rhombic 
prisms  and  terminal  or  basal  planes.f  The  relation  of  these 
forms  can  be  best  understood  by  studying  their  symbols. 

Having  given  to  the  principal  form  the  notation  a  i  b  :  c,  then 
the  other  octahedrons  which  the  same  substance  can  present 
wil!  be  expressed  by  the  following  symbols :  — 

1.  a:mb:c,  d.     m  a  :  h  :  c, 

2.  a  :  b  :  m  c,  i.     in  a  :  b  :  n  c, 

in  which  m  and  n  are  always  very  simple  rational  numbers.  The 
first  three  of  these  symbols  may  evidently  be  regarded  as  partic- 
ular cases  of  the  third. 

The  number  of  possible  octahedrons  in  which  a  given  sub- 
stance may  crystallize  in  the  trimetric  system  is  evidently  infinite ; 
but  the  number  which  have  in  any  case  been  observed  is  ex- 
tremely limited,  including  only  a  few  of  the  possible  values  of 
m  and  n,  together  with  the  rhombic  prisms  and  terminal  planes 
which  result  when  m  and  w  ai-c  made  equal  either  to  infinity  or 
zero. 

If  in  No.  1  we  put  m  =  oo,  the  symbol  becomes  o  :  co  6  :  c, 
which  represents  a  rhombic  prism  whose  axis  is  the  axis  of  b.  If 
^  _  0,  the  symbol  becomes  a:06:c  =  ooo:&:a>c,  which  is 
the  symbol  of  tlie  basal  planes  of  the  same  prism.  If  in  No.  2 
wo  put  m  =  a>,  we  obtain  the  symbols  of  a  rhombic  prism  whose 
axis  is  the  axis  of  c ;  and  if  we  put  m  =  o,  we  obtain  the  symbol 
of  the  basal  planes  of  the  same  prism.  So  also,  if  in  No.  3  we 
put  m  equal  to  infinity  and  zero,  we  obtain  the  symbols  of  a 
rhombic  prism  parallel  to  the  axis  of  a  and  of  its  basal  planes. 

*  A  section  of  a  crystal  is  called  a  iiymdpal  section  ivhcii  it  eontains  two  of  the  axes. 

t  Planea  placed  M  the  ends  of  any  axis,  and  parallel  to  the  piano  of  flio  other  two. 
are  enlled  termmd  planes.  Such  planes,  when  they  form  the  base  of  a  crystal,  are 
tailed  lasul  planes. 
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The  general  symbol  No.  4  maybe  put  in  tbc  three  following  forms: 

1,  a  :  nb  :  mc,  2.  na  ;  mb  ;  c,  S.  m  a  :  b  :  nc. 
If  in  No.  1  we  put  n  =  cc,  we  obtain  a  rhombic  prism  parallel 
to  the  axis  of  b,  whose  symbol  is  a  :  oob  :  mc  ;  if  m  =  o,  we  ob- 
tain the  basal  plane  of  this  prism.  If  in  No.  2  we  put  jj  ^  co, 
we  obtain  a  rhombic  prism  parallel  to  the  axis  of  a,  whose  sym- 
bol is  cf> a  :  nib  :  c  ;  if  «  ^  o,  wo  obtain  the  basal  planes  of 
this  prism.  If  in  No.  3  we  put  «  ^  oo,  we  obtain  a  rhombic 
prism  parallel  to  the  axis  of  c,  whose  symbol  is  via  :  b  i  <xic;  if 
n  =  0,  we  obtain  the  basal  planes  of  tliis  prism. 

Compound  Forms. 

We  give  below  several  figm-es  of  the  compound  foi-ms  of  this 

system,  and  beneath  each  the  symbols  of  the  simple  forms  of 
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which  it  consists,  opposite  to  the  letters  'on  the  faces  of  the  crys- 
tal. With  the  aid  of  these  symbols,  the  student  will  easily  bo 
able  to  see  the  relations  of  the  forms  witiiout  any  further  de- 
ecription. 

Semihedral  Forms. 
ng.  IW.  Fig.  n'. 


Tlio  most  important  hemihedral  form  of  this  system  is  the 
rhombic  sphenoid,  Figs.  147, 148.  It  may  be  developed  by  ox- 
tending  the  alternate  planes  of  the  rhombic  octahedron.  Pig.  146. 
If  we  extend  the  shaded  planes,  we  obtain  the  positiTe  sphenoid. 
Pig.  147  ;  and  if  we  extend  the  planes  which  are  not  shaded,  the 
negative  sphenoid.  Fig.  148.  The  rhombic  sphenoid  is  a  tetra- 
hedral  foimi,  and  is  bounded  by  four  scalene  triangles.  It  will 
be  remembered  that  the  two  tetraliedrons,  derived  from  the  octa- 
hedron of  the  monometrie  system,  differed  from  each  other  only 
in  position,  and  that,  by  turning  one  round  the  vertical  axis 
through  a  quarter  of  a  revolution,  the  two  would  coincide.  It  is 
different  with  the  two  sphenoids.  They  differ  from  each  other 
in  the  relative  position  of  their  planes,  and  by  turning  one  on  its 
axis  it  cannot  be  brought  into  a  position  in  which  it  will  coincide 
with  the  other.  The  two  forms  are  related  to  each  other  as  the 
left  hand  is  to  the  right  hand,  or  as  an  object  is  to  its  image  in  a 
mirror.  Hence,  we  call  the  positive  a  right  form,  and  the  nega- 
tive a  left  form. 

The  two  sphenoids  never  occur  in  nature  except  in  combination 
with  other  forms,  and  the  presence  of  one  or  the  other  of  these 
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forms  on  a  crystal  is  associated  with  certain  remarkable  optical 
properties.  By  neutralizing  a  solution  of  raccmic  acid,  half  witli 
soda  and  half  witli  ammonia,  a  bibasic  salt  is  formed,  called  tlie 
racemate  of  soda  and  ammonia,  which  can  be  readily  crystallized 
by  evaporating  the  solution.  The  crystals  tlms  formed  are  of  two 
kinds,  part  resembling  Fig.  149,  and  part  Fig.  150.     The  two 


kinds  of  crystals  resemble  each  other  in  their  general  appear- 
ance. They  both  have  the  planes  of  the  vertical  rhombic  prisms 
(i  and  i  a),  the  terminal  planes  (i  i  and  i  i},  the  basal  planes 
(o),  the  planes  of  two  prisms  parallel  to  the  brachydiagonal 
(i  and  2  i)  ;  but  in  addition  to  these,  there  appear  on  tlie  first 
kind  of  crystals  (Fig.  149)  the  pianos  of  the  positive  sphenoid, 
+  J,  and  on  the  second  kind  of  crystals  (Fig.  150)  those  of  the 
negative  sphenoid,  —  J.  If,  now,  we  arrange  a  crystal  of  each 
sort,  as  in  the  figures,  with  the  terminal  planes  ii  in  front,  it 
will  be  scon  that  the  upper  sphenoid  plane  is  in  the  first  figure  on 
the  right,  and  in  the  second  on  the  left,  of  tlie  observer ;  so  that, 
if  wc  place  one  form  before  a  miiTor,  tlie  image  will  have,  ex- 
actly the  second  form.  In  these  two  forms  tliere  are  present  two 
vai-ieties  of  tartaric  acid,  into  which  the  racemic  acid  di- 
vides m  the  process  of  crystallization.  In  the  crystals  of  Fig. 
149,  the  two  bases  are  united  with  a  variety  of  tartaric  acid, 
which  has  the  power  of  rotating  the  plane  of  polarization  of  a 
ray  of  light  to  the  right ;  and  in  Fig.  150,  with  a  variety  of  tar- 
taric acid  resembling  the  other  in  all  its  chemical  relations,  but 
differing  in  its  crystalline  form,  and  rotating  the  plane  of  polari- 
zation to  the  left. 

The  sphenoid  is  the  only  hemihedral  form  in  this  system  which 
encloses  space,  and  which  therefore  could  alone  form  a  crystal. 
Other  hemihedral  forms  have  been  observed,  but  they  never  ap- 
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pear  except  in  combinations  modifying  one  half  of  the  similar 
edges  or  solid  angles  of  the  dominant  form,  and  they  can  there- 
fore be  easily  recognized. 


rig.  151, 


MoNOCLiNic  System. 

■  Simple  Forms. 

In  the  monoclinic  system,  as  has  hcen  already  stated,  no  single 
crystalline  form  can  enclose  space ;  and  hence  we  have  no  simple 
crystals.  Fig,  151  represents  an  octahedron  helonging  to  this 
system;  but  this  is  not  a  simple  crystal, 
because  it  is  bounded  by  faces  of  two  kinds. 
The  triangular  faces  B  A  C,  B  A'  C, 
B'  A  C,  and  B'  A'  C  are  not  similar  to 
the  faces  BAC,  B  A!  C,  B'  A  C,  and 
B'  A'  C,  and  therefore  belong  to  a  different 
form.  Tlie  first  set  of  faces,  if  extended, 
■would  evidently  form  a  rhombic  prism ; 
and  tlio  second  sot  of  faces,  if  extended, 
would  also  form  a  rhombic  prism  differing 
from  the  first.  These  two  prisms  may 
be  appropriately  termed  kemi-octahedrons ; 
and  in  order  to  distinguish  them,  we  shall  name  the  one  whose 
planes  are  over  the  acute  angle  a,  Pig.  151,  the  positive  hemi- 
octahedron,  and  the  other  the  negative  hcmi-octahedron.  This 
distinction  is  necessary,  because  it  frequently  happens  that  one  of 
these  hemi-octahedrons  is  present  on  a 
crystal  without  the  other,  or  at  least  that 
the  faces  of  one  are  far  more  dominant 
than  those  of  the  other. 

Adopting  the  notation  of  Fig.  152,  al- 
ready described  (85),  the  symbol  of  the 
positive  liemi-octahedron  is  a  :  b  i  c,  or 
a  :  b'  :  c'.  The  first  symbol  consists  of 
the  parameters  of  the  two  upper  right- 
hand  planes  of  the  form.  Fig.  151,  and  the 
second  of  those  of  the  two  lower  lefl>-hand 
planes  ;  either  symbol  may  be  used  at  pleasi 
negative  hemi-octabedron  is  a:b  :  c',  or  a  : 


Rg.  152, 


The  symbol  of  the 
:  c  ;  the  first  being 
the  parameters  of  the  two  upper  left-hand  planes,  and  the  second 
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those  of  the  two  lower  rig!it-hand  planes.  Either  symbol,  as  be- 
fore, may  bo  used  as  the  symbol  of  the  form,  but  for  the  sake  of 
uniformity  we  shall  use  in  both  cases  the  first  of  the  two  symbols. 
The  symbols  of  the  two  hemi-octahedrons,  of  ivhich  the  octar 
hedron  of  tliis  system  consists,  are,  then, 

a  :  b  :  c,  and  a  :  b  :  c' ; 

b\it  it  must  be  remembered  that  these  symbols  include  ]iot  only 
the  planes  wliose  parameters  they  actually  express,  but  also  the 
planes  ■which  have  the  same  parameters  oppositely  accented. 

In  this  system,  as  has  been  already  stated  (82  —  85),  not  only 
the  relative  length  of  the  axes  may  vary,  but,  moreover,  the  angle 
of  inclination  of  the  vertical  axis  b  to  the  klinodiagonal  c  varies 
also.  When,  however,  the  crystals  of  tlie  same  substance  pre- 
sent planes  of  several  pairs  of  hemi-oetahedrons,  we  always  find 
that,  although  the  relative  lengths  of  the  axes  of  these  forms 
may  differ,  yet  the  angle  of  inclination,  «,  is  the  same  in  all. 
We  select  in  this  system,  as  in  the  last  three,  one  pair  of  these 
hemi-octahedrons  as  the  principal  form,  and  give  to  it  the  sym- 
bols a  :  b  :  c  and  a  :  b  :  c'.  Tlie  general  symbol  of  other  hemi- 
octahedrons  of  the  same  substance  is,  then, 

m  a  :  n b  : p  c,         or        ma  :  nb  : pc', 
the  quantities  m,  n,  and  p  being  always  simple  rational  integers 
or  fractions,  and  one  of  them  being  always  unity.. 

The  forms  which  are  most  frequently  met  with  in  this  system 
are  those  which  result  when  either  m  =i  od,  w  =  a>,  or  p^  oo, 
or  when  m  ^  o,  n^o,  or  ;j  ^  o,  in  the  general  symbols. 

In  making  w  =  oo,  and^  =;  i,  the  general  symbols  become 
ma:  cab  :  c,  and  tna:<x>b' '.  c'.*  Since  the  dissimilar  semi-axes 
are  oppositely  accented  in  the  two  symbols,  they  are  both  equiva- 
lent symbols  of  the  same  oblique  rhombic  prisms  parallel  to  tho 
axis  b.  When,  also,  m  =  i,  wo  obtain  the  symbol  of  the  principal 
of  these  oblique  prisms,  a  :  os  b  :  c. 

In  making  m  =  oa  and  ^  =  i,  in  the  general  symbols,  we 
obtain  the  two  symbols  x  a  :  n  b  i  c,  and  ca  a:  nb  :  c'.  These 
symbols  arc  not  equivalent,  and  each  repi'esents  two  opposite  and 
parallel  planes,  whicii  are  also  parallel  to  the  or tliodi agonal. 
The  two  planes  represented  by  the  first  symbol  are  over  tlie  acute 

*  Since  h  nnd  h'  aro  halves  of  ihc  same  etraiglit  line,  tho  parameters  a.  i  nnd  »  i' 
(ire  in  all  respects  equivalent,  and  may  thorcfoiM  be  Eubstitufcd  for  cadv  other. 
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angle  a,  and  are  therefore  Jiarrower  than  the  two  planes  repre- 
sentee! hy  the  second  symhol,  iirhich  are  over  tlie  ohtuse  angle 
180°  —  a.  The  two  sets  of  planes  evidently  bear  the  same  rela- 
tioii  to  each  other  as  tlie  two  hemi-octahedrons,  and  may  therefore 
be  called  the  positive  and  negative  ortJwdiagonal  hevii-prisms. 
AVhen  n  ^  1,  the  two  symbols  become  a>a;5:c,and  caa-.b-.c'. 

Finally,  if  we  put  p  ^  <x,  and  m  =  i,  in  the  general  symbols, 
we  obtahi  a  :  nb  :  oo  c  in  both  cases,  which  is  the  symbol  of 
horizontal  rhombic  prisms  parallel  to  the  klinodiagonal,  called 
the  klinodiagonal  imsms.  "When  «  =  i,  the  symbol  becomes 
a. :  b  :  ca  c. 

Substitiiting  m  ^  o,  and  multiplying  all  the  parameters  by  cc, 
the  general  symbols  become  in  both  cases  a  :  <x>b  :  rx^c,  which  is 
the  symbol  of  a  form  consisting  of  two  terminal  planes  pai-allel 
to  the  planes  of  the  axes  b  and  c.  In  like  manner,  if  we  put 
n^O,  or  p  ^  0,  we  obtain  the  symbols  of  terminal  planes  par- 
allel to  the  planes  of  the  axes  a,  c  ov  a,b  I'espectivcly. 


Compound  Forms. 


Els.  153. 

liK.  154. 

E%.  155. 

H 

H 

IH 

Fig.  153  represents  the  combination  of  the  principal  oblique 
rhombic  prism,  with  its  basal  planes.     Pig.  15-1  represents  the 
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same  comliination,  with  the  addition  of  two  termiiial  planes  at  the 
end  of  the  orthodiagonal.     Fig.  155  represents  the  same  combina- 


tion, with  the  addition  of  two  planes  at  the  end  of  the  kljno- 
diagoual.     Fig.  156  represents  still  the  same  combination,  with 
rig  1G3  the  addition  of  the  two  planes  of 

the  negative  orthodiagonal  hemi- 
prism.  Fig.  157  represents  the 
same  combination  as  Fig.  154, 
witli  the  addition  of  the  two 
planes  of  the  positive  orthodiago- 
nal liemi-prism.  Fig.  158  is  the 
o=-  <«a:  I,':  Lc,  same  combination    as    Pig.  153, 

''""■*■"'■  with  the  addition  of  the  positive 

principal  iiemi-octahcdron.     Fig,  159  is  also  the  same  combina- 


d  by  Google 


THG  THREE  STATES  OP  MATTER. 


167 


tioii,  with  tlic  addition  of  the  negative  hemi-octahcdron.  Fig. 
160  is  the  same  combination  as  Fig.  154,  with  tho  negative 
liemi-octahedron.  Fig.  161  is  the  same  with  both  hemi-octa!ic- 
drons.  Fig.  162  represents  the  same  combination  as  Fig.  153, 
with  tho  addition  of  the  four  planes  of  tho  prism  parallel  to  the 
klinodiagonal.  Fig.  163  is  the  same  combination  as  Fig.  160,  ex- 
cept that  the  planes  of  the  negative  hemi-octahedron  are  more 
dominant,  and  the  basal  planes  do  not  appear.  Lastly,  Fig.  164 
represents  a  combination  of  all  the  forms  which  have  appeared 
on  the  previous  figures  of  this  system. 


Hemihedral  Forms. 

The  hemihedral  forms  of  this  system  only  appear  as  modifying 
s  on  the  edges  or  solid  angles  of  the  holohedral  forms,  and 


Tig.  165.  FiS.  166.  ^S- 167. 

can  easily  be  distinguished,  becaxise  they  modify  only  one  half  of 
the  similar  edges  or  solid  angles  of  the  form.  Fig.  165  i-cpresents 
a  compound  form,  in  which  ordinary  tartaric  acid  frequently  crys- 
tallizes. It  is  a  combination  of  an  oblique  rhombic  prism  i  with 
the  terminal  planes  ii  and  the  two  hemi-prisms  +»  and  —i. 
On  these  ciystals  there  are  four  solid  angles,  e,  which  are  evi- 
dently similar,  and  we  should  therefore  expect  that  they  would 
in  any  case  be  similarly  modified.  But  on  the  crystal  of  the 
variety  of  tartaric  acid  which  rotates  the  plane  of  polarization 
of  light  to  the  right,  we  find  only  the  two  front  planes,  as  on 
Fig.  166 ;  and  on  the  crystals  of  the  variety  of  tartaric  acid  which 
rotate  the  plane  of  polarization  of  light  to  the  left,  only  two 
back  planes,  as  on  Fig.  167.  These  two  foi-ms  are  evidently  re- 
lated to  each  other  in  the  same  way  as  the  two  forms  of  Figs. 
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149,  150,  aiid  cannot  be   made  to  coincido  by  any  change   of 
position. 

Such  hemihedral  modifications  occur  chiefly  on  crystals  of  sub- 
stances which  have  the  power  of  rotating  tlie  piano  of  polariza- 
tion of  light.  Common  cane-sugar  has  this  property,  and  on  its 
crystals  we  find  the  two  back  planes  of  the  klinodiagonal  prism, 
without  the  corresponding  front  planes.  Fig.  186  represents  the 
common  form  of  the  crystals  of  this  substance.     They  have  all 


the  planes  of  Fig.  169,  witli  the  addition  of  the  planes  of  the  pos- 
itive hemi-prism  -\-  (x  a  :  b  :  c~),  and  the  two  back  planes  of 
the  klinodiagonal  prism  a:  b  :  <xc. 


Teiclinic  Systebl 

In   the   ti-icHnic  system,  a  simple  form  consists  of  only  two 
opposite  parallel  planes.     These  planes  may  have  any  position 
towards   the   three   axes,  and  these  axes  may  have   any  incli- 
nation towards  each  other,  and  any  relative 
lengths.     In  all  crystals  of  the  same  sub- 
stance, however,  tho  axes  have  always  the 
same  relative  length,  and   are  inclined  to 
each  other  at  the  same  angles.    Moreover,  of 
the  possible  positions  in  which  the  two  paral- 
lel planes  of  a  simple  form  may  be  placed 
towards  the  axes,  only  a  very  few  arc  ever 
observed ;  the  most  frequently  seen  are  those 
in  which  the  planes  are  parallel  either  to  one 
I'll!'  I'f  or  to  two  of  the  axes. 

Pig.  ITO  represents  an  octahedron  belonging  to  this  system, 
and  formed  by  uniting  the  ends  of  the  axes  by  planes.     It  is  com- 
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posed  of  four  simple  forms  :  first,  the  form  consisting  of  tlie  plane 
ABC  and  its  opposite,  which  has  the  symbol  a :  6  :  c,  or  o' ;  i' :  c' ; 
secondly,  the  form  consisting  of  the  plane  ABC  and  its  oppo- 
site, ivhich  has  the  symbol  a  -.b  :  c',  or  a'  :b'  :  c ;  thirdly,  the 
form  consisting  of  the  plane  AB'  C  and  its  opposite,  ■which  has 
the  symbol  a  :  b'  :  c,  o-c  a'  :  b  ;  c' ;  fourthly,  the  form  consisting 
of  the  plane  A  B'  C'  and  its  opposite, 
■which  has  the  symbol  a  :  b'  :  e',  or 
a'  :  b  :  c.  Fig.  171  represents  an  ob- 
lique prism  belonging  to  this  system,  in 
which  the  axes  have  the  same  position 
as  in  Fig.  170,  It  is  composed 
three  forms ;  first,  the  form  consisting 
of  the  plane  A  B  C  D  and  its  opposite, 
■which  has  tlie   symbol   a  :  osb  :  c,  or 

a' :  (xb' :  c' ;  secondly,  the  form  consisting  of  the  plane  AA'  BB' 
and  its  opposite,  which  has  the  symbol  a  :  co  i  ;  c',  or  a' :  cc  b' :  c ; 
thirdly,  the  form  consisting  of  the  plane 
BB'  C  O  and  its  opposite,  which  has  the 
symbol  oo  a  :  i :  oo  c,  or  ca  a'  :b' :  cac'. 
Since,  ho-wever,  the  relative  lengths  and 
inclinations  of  the  axes  in  this  system 
may  have  any  possible  values,  it  is  evi- 
dent that  we  may  suppose  the  axes  of 
this  oblique  prism  to  unite  the  centres 
of  opposite  planes,  as  in  Pig.  172,  or  in 
fact  to  have  any  other  position  ■whatso- 
ever. Indeed,  the  position  of  the  axes 
in  the  crystals  of  any  given  substance 
is  in  a  great  measure  ai'bitrary,  and  we 
assign  such  a  position  in  every  case  as 
■will  render  the  symbols  of  the  observed 
forms  of  the  substance  as  simple  as 
possible.  Fig.  173  represents  a  crystal 
of  sulphate  of  copper,  and  the  symbols 
below  the  figure  indicate  the  position 

of  eacli  pair  of  parallel  faces   towards  

the  three  lines  which  have  been  assumed 

as   the  axes  of  the  crystals   of   this   substance.     The   relative 
lengths  of  these  axes  are  n  :  6  :  t  =  1  :  0.974  :  1.768    and  the 
15 
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angles   of   incUnaaon  are    oc  =  82°   21',   (3  =  77'   37',    ;-  = 
73°  10'. 

(93.)  Irregularities  of  Crystals.  —  The  crystallluo  forms, 
wliicli  ^ve  have  studied  in  the  last  section,  have  been  perfect  and 
regular.  Not  only  the  similar  angles  hare  been  equal,  but  also 
tlie  similar  faoes  and  the  other  similar  dimensions  of  the  crystak 
have  been  in  like  manner  equal.  Such,  however,  is  very  seldom 
the  case  with  the  crystals  which  we  find  in  nature  or  form  in  our 
laboratories  ;  indeed,  this  perfection  and  equality  are  so  uncom- 
mon, that  the  figures  which  we  have  studied  can  hardly  be  con- 
sidered other  than  as  ideal.  Crystals  are  very  generally  distorted, 
and  often  their  forms  are  so  much  disguised,  that  an  intimate  fa- 
miliarity with  the  possible  irregularities  is  required  in  order  to 
unravel  their  complexities. 

Crystals  are  rarely  terminated  on  all  sides,  one  or  more  of  the 
faces  being  obliterated  where  the  crystal  is  implanted  on  tlia 
rock,  or  where  it  is  merged  in  other  crystals.  Frequently,  also, 
some  of  the  faces  have  been  disproportionately  developed,  and  so 
much  so  as  to  change  entirely  the  general  aspect  of  the  crystal ; 
but  in  all  such  cases  the  relative  directions  of  the  faces  remain 
constant,  and  we  can  always  easily  construct  the  ideal  form  which 
corresponds  to  the  imperfect  crystal,  by  projecting  it  on  paper, 
and  placing  all  tlio  similar  faces  at  equal  distances  from  the 
centre  of  the  crystal,  taking  care  to  preserve  their  relative  di- 
rection. 

A  few  examples  will  give  an  idea  of  the  nature  and  extent  of 
these  irregularities. 

The  common  form  of  alum  is  the  octahedron  of  the  mono- 
metric  system,  and  we  sometimes  find  perfect  octahedrons  among 
the  minute  crystals  which  have  been  formed 
freely  in  the  midst  of  a  solution  of  the  salt ; 
as,  for  example,  at  tlie  end  of  a  thread  sus- 
pended in  the  liquid.  The  crystals  which 
form  against  the  sides  of  a  vessel  are  always 
more  or  less  united  with  each  other,  so  tliat 
only  a  few  of  their  faces,  and  sometimes  only 
portions  of  these  faces,  are  free.  Fig.  175 
represents  a  group  of  alum  crystals,  such  as  is  found  in  the 
large  vats  in  which  the   salt  is  crystallized,  and  will   give  an 
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idea  of  the  mode  in  17111011  the  iiidiyidual  crystals 


!  grouped 


If  a  small  and  perfect  crystal  of  alum  is  placed  on  the  bottom 
of  a  vessel  filled  with  a  saturated  solution  of  this  substance,  the 
crystal  -will  gradually  enlarge,  and  in  a 
regular  manner,  on  all  sides  except  on  that 
on  which  it  rests.  Fig,  176  represents  a 
crystal  which  has  been  thus  formed ;  the 
shaded  face,  mnp  q  r  s,  being  the  one 
ivhich  rested  on  tlie  bottom  of  the  vessel. 
And  it  will  be  noticed  that  the  form  is  pre- 
cisely the  same  as  would  be  obtained  by 
removing  from  the  regular  octaliedron  a 
slice  parallel  to  one  of  its  faces. 

Frequently  the  growth  of  the  crystal, 
under  such  circumstances,  is  much  greater 
in  a  horizontal  direction  than  it  is  in  the 
direction  perpendicular  to  the  face  on 
which  it  rests ;  and  the  crystal  then  pre- 
sents an  appearance  similar  to  Fig.  177, 
in  wliich  the  two  faces  which  were  hori- 
zontal in  the  solution  have  the  same  form. 

"We  sometimes  meet  with  octahedrons  belonging  to  the  mono- 
metric  system,  which  Imve  the  form  of  Fig,  178,     Four  of  the 
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faces  of  this  octalicdron  have 
been  abnormally  developed,  and 
so  much  so  that  we  might  even 
mistake  the  system  to  which 
the  crystal  belongs  ;  but  on 
measiiring  the  interfacial  an- 
gles, we  should  find  that  they 
were  all  equal  to  109°  28', 
which  is  the  angle  of  the  octa- 
hedron. 
Pig.  179  represents  a  compound  form,  already  described,  con- 
sisting of  an  octahedron  and  a  cube,  a  form  in  which  the  sul- 
phide of  load,  galena,  frequently  crystallizes.  Wo  sometimes, 
also,  find  crystals  of  this  min- 
eral, having  the  form  repre- 
sented in  Fig.  180,  which  we 
might  mistake  for  a  form  of 
the  di metric  system.  It  is, 
however,  the  same  form  as 
that  of  Fig.  179,  only  abnor- 
mally developed  in  the  direc- 
tion of  one  of  the  axes,  as 
could  easily  be  proved  by 
measuring  the  interfacial  angle 
between  any  two  faces,  o,  which  would  be  found  in  every  case 
to  be  109°  28'. 

The  common  form  of  quartz  is  a  hexagonal  prism,  terminated 
by  a  hexf^nal  pyramid.  The  interfacial  angle  between  any  two 
consecutive  prismatic  faces  is  120° ;  that  between  any  two  con- 
secutive pyramidal  faces,  133°  40'.     Fig.  181  represents  a  perfect 
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crystal  of  this  form ;  but  it  is  Tery  rarolj  that  TO  find  crystals 
so  perfect,  unless  fliey  are  Tery  minute.  One  or  more  of  the 
faces  are  usirally  abnormally  deTelopcd,  and  forms  like  tliose 
represented  by  Kgs.  182, 183, 184  are  the  results.  Here,  as  m 
the  other  case,  it  would  be  found,  on  measuring  the  interfacial 
angles,  that  they  ate  the  same  as  those  between  the  faces  of  the 
regular  form. 

In  the  oblique  system,  the  ii-regiilar  development  of  laces  pro- 
duces even  greater  changes  in  the  general  aspect  of  the  crystal 
than  those  which  have  been 
noticed,  rigs.  185  and  186 
represent  two  crystals  of  fel- 
spar belonging  to  the  mono- 
clinic  system,  which  have  ex- 
actly the  same  faces,  but  very 
differently  developed. 

Most  of  the  difficulties  in  the 
study  of  crystals  arise  from 
similar  distortions  to  tliose 
which  have  been   described, 

and  it  requh-es  practice  to  be  rig.  m.  rie.  iso, 

able  to  unravel  the  complex- 
ities which  they  present.     Tliis  practice  is  best  acquired  by 
studying  actual  specimens  whose  form  is  known,  and  comparing 
them  with  the  perfect  models  of  tlie  same  forms. 

(94.)  Groups  of  Oyjlafc.  —  We  frequently  find  two  or  more 
crystals  united  in  such  a  way  as  to  produce  a  symmetrical  oom- 
Mnation  These  collections  of  crystals,  when  consisting  of  only 
two  individuals,  are  called  twin  crystals.  They  have  regular 
faoes,  and  the  same  perfection  of  oufline  and  angles  as  simple 
crystals,  tor  which  they  might  sometimes  be  mistaken  by  un- 
practised observers.  There  is,  however,  a  simple  criterion  by 
which  they  can  be  generally  distinguislied.  Simple  crystals 
never  have  re-entering  angles;  so  that,  whenever  such  angles 
occur,  there  must  be  present  on  the  specimen  two  or  more  indi- 
vidual crystals.  pi.  * 
Kg.  187  represents  a  twin  crystal,  consisting  of  portions  ol 
two  octahedrons  united  at  the  plane  mrtp  «,  which  is  parallel 
to  an  octahedral  face.  It  may  be  formed  from  the  regular  oet<^ 
liedron  (Fig.  188),  by  cutting  it  into  two  equal  parts  by  the 
15* 
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plane  mnp  q  r  s,  and 
then  revolving  ono  half 
on  the  axis  uniting  the 
centres  of  the  two  oc- 
tahedral faces  through 
an  angle  of  60°  or  180°, 
and  then  uniting  the 
two  halves  again  hy 
the  surfaces  at  which 
they  were  Kcparatcd. 
Fig,  189  represents  a  common  form  of  the  crystals  of  gypsum 
(sulphate  of  limo).  It  consists,  as  the  re-entering  angle  shows, 
of  parts  of  two  crystals,  and  may  he 
formed  by  cutting  a  complete  crystal 
(Fig,  190)  into  two  equal  parts  hy  the 
plane  p  qr  mn  o,  and  revolving  one 
half  of  the  ciystal  through  an  angle 
of  185°,  on  an  axis  at  right  angles  to 
the  plane  of  section,  and  then  again 
uniting  the  two  lialves.  Twin  crys- 
tals like  these  are  called  hemitropes. 
We  may  suppose  that  such  crystals 
were  formed  from  two  nuclei,  which 

became  originally  united,  one  being  in  an  inverted  position  as 
regards  the  other,  and  that  one  grew  only  in  one  direction,  and 
the  other  in  the  opposite  direction. 

In    the    tri met- 
ric system,  cnici- 
form  crystals,  like 
those    represented 
in   Figs.  191, 192, 
are  very  common. 
Tlie   crystals   rep- 
resented    in     the 
figures  consist,  in 
each  case,  of  four 
simple  crystals.     For  a  fuller   development  of  this  subject,  we 
refer  the  student  to  Dana's  "  System  of  Mineralogy,"  Vol.  I. 
p.  12T. 

(95.)  Deierminalion  of  Cri/slals. — In  order  to  determine  a 
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crystal,  it  is  essential  to  ascertain  two  points:  first,  the  crystal- 
line system  to  which  it  belongs,  and,  if  not  of  the  moiiometric 
system,  the  relative  lengtlis  and  inclinations  of  the  axes  ;  sec- 
ondly, the  simple  forms  of  which  it  consists. 

When  the  crystal  has  been  regularly  formed,  a  simple  in- 
spection is  generally  sufficient  to  determine  the  crystalline  sys- 
tem to  wliicli  it  belongs  ;  but  when,  as  is  most  generally  the 
case,  tlie  ciystal  is  more  or  less  distorted  by  the  enlargemeiit 
of  a  portion  of  the  planes  at  the  expense  of  others,  the  deter- 
mination of  the  crystalline  system  is  frequently  very  difficult. 
In  studying  out  the  crystalline  system  in  such  cases,  it  is,  first 
of  ail,  important  to  distinguish  tlie  different  sets  of  similar  planes, 
each  of  which  constitutes  a  simple  form.  The  following  indica- 
tions give  important  aid  in  this  respect. 

1.  Similar  pianos  are  alike  in  lustre,  hardness,  strise,  w!iaf^ 
ever  may  bo  the  variations  in  size.  For  example,  if  a  ciibieal 
crystal  has  like  striee  on  all  its  six  faces,  these  faces  are  all  simi- 
lar, and  the  form  belongs  to  the  moiiometric  system. 

2.  Most  crystals  may  be  split  (cleaved)  with  more  or  less  read- 
iness parallel  to  certain  of  their  faces.  This  property,  which  will 
be  considered  in  a  future  section,  frequently  enables  us  to  distin- 
guish similar  planes  when  the  crystallization  is  very  imperfect ; 
for  we  find  that  cleavage  is  obtained  with  equal  ease  or  difficulty 
parallel  to  similar  faces,  and  with  unequal  ease  or  difficulty  par- 
allel to  dissimilar  faces ;  and  again,  that  cleavage  parallel  to 
similar  planes  affords  planes  of  similar  lustre  and  appearance, 
and  the  converse. 

3.  Planes  equally  inclined  to  the  same  plane  are  similar,  and 
planes  equally  inclined  to  similar  planes  are  similar. 

Having,  by  means  of  these  indications,  studied  out  the  simi- 
lar planes  of  the  crystal,  the  student  will  very  probably  be  able 
to  recognize  the  crystalline  system  at  once  ;  but  if  not,  he  will 
generally  find  an  unerring  guide  to  the  system  of  crystallization 
in  the  modifications  of  the  crystal.  Tlie  law  which  governs  these 
modifications  has  already  been  stated  (91),  and  the  mode  of  ap- 
plying it  is  evident.  If,  for  example,  we  find  a  cubical  crystal 
whose  basal  edges  are  differently  modified  from  the  lateral  edges, 
we  know  that  these  edges  are  not  similar,  and  hence  that  the 
crystal  does  not  belong  to  the  monometric  system.  If  the  basal 
edges  are  all  modified  alike,  the  crystal  belongs  to  the  dimetric 
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system ;  but  if  only  the  opposite  basal  eilges  are  modified  alike, 
it  belongs  to  the  trimetric  system.  The  following  table,  for  which 
I  am  indebted  to  Professor  Dana,*  will  aid  the  student  in  the 
examination  of  crystals. 

!.  All  etlges  modifled  nlite         1  Moi^ombtrio 
2.  Angles  tinnqatod  oc  replaced  >        o,-of„m 
by  3  or  B  eiraiUr  pianos.  )       ^J^"^""' 

Number  of  similar  planes  at  esti'emities  1  Hexagonal 


1.  All  edges 
not  modified 

2.  Ticot  or 
none   of   the 

or  rcpt.  by  3 
or  6  similar 
planes. 


of  crystal  nei 
ther  3  nor  ! 
multiple  of  3 


The  supenor 
basal  modifica- 

not  similar  to 
Iha  correspond- 
ing ia/eiior  in 
front  or  supe- 
riof  bebind. 


Two  adjacent  or  J 
wo  approxinmle  \ 
rni.  pi.  impossible.  ) 

Two  adjacent  or  1 
wo  approximate  \ 
im.  pi.  possible.      3 


Sysiem. 
its  rJiom- 


N.  B.  The  right  rhomboidal  pvi 
boidal  base   may  bo  dislingnished   from  the  otb 
right  ptism  by  the  dissimilar  modifioalions  of  its  k 
era!  and  basal  edges  and  angles. 

1.  Simitar  planes 
at  encli  base  either 
4  or  S  in  number. 

2.  All  laL  edges 
[if  modified)  simil. 
tnmcorbevelled.l 


t!io 


1.  Similar  planes 
it  each  base  either 
J  or  4  in  number. 

2.  AH  lat.  edeea 
;if  modified)  not 
iimil.  trnnealed  or 
jOTelled.  t 

The  study  of  the  modifications  of  crystals  may  sometimes 
correct  deductions  from  measurements.  The  interfacial  angles 
of  crj'stals  are  liable  to  slight  variations,  not  generally  exceed- 
ing a  few  minutes,  but  in  extraordinary  cases  amounting  to  one 
or  two  degrees.  For  example,  cubes  of  common  salt  have  been 
observed  with  angles  of  92°  or  93°,  and  might  be  mistaken  for 
rhombohedrons,  were  it  not  that  the  distribution  of  modifying 
planes  indicated  the  perfect  similarity  of  the  edges  and  angles. 

Having  determined  the  system  of  crystallization,  it  is  next  im- 
portant, if  the  system  is  not  the  monometrie,  to  determine  the 


*  Dana's  System  of  Mineralogy,  Vol.  I.  p.  123. 

t  The  rbombohedron  is  the  only  solid  included  in  this  division,  any  of  whose  angles 
admit  of  a  truncation  or  replacement  by  tliree  or  six  planes. 

%  Tile  terminal  edges  of  tlia  octahedrons  are  here  termed  lateral,  in  order  tliat  these 
st-iteincnts  may  be  generally  applicable  both  to  prisms  and  octahedrons. 
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relative  lengths  and  inclinations  of  the  axes.  There  is  ohviously 
a  direct  relation  between  these  values  and  the  iuterfacial  angles, 
and  this  relation  can  be  expressed  mathematically,  so  that  the 
one  can  be  calculated  from  the  other.  It  is  the  especial  object 
of  works  on  the  subject  of  Mathematical  Crystallography  to  ex- 
plain these  relations,  and  to  develop  the  formula  by  which  the 
calculations  can  be  made. 

The  last  point  in  the  determination  of  a  crystal  is  to  ascertain 
the  simple  forms  of  which  it  is  composed,  so  as  to  give  the  sym- 
bol, that  is,  the  parameters  of  each  set  of  similar  planes.  lu 
many  eases,  the  forms  may  be  discovered  by  inspection  ;  but  in 
other  cases  the  exact  parameters  of  any  one  form  can  only  be 
ascertained  by  calculation  from  the  value  of  the  interfacial  an- 
gles, or  from  the  parameters  of  other  forms  already  known.  Tlie 
method  of  making  these  calculations  is  also  explained  in  tlie 
works  on  Mathematical  Crystallography. 

(96.)  Use  of  Goniometers.  —  It  is  evident,  from  the  last  sec- 
tion, that  the  interfacial  angles  are  the  most  important  elements 
in  the  determination  of  crystals.  These  angles  are  measured  by 
means  of  instruments  called  Goniometers.  The  simplest  of  these 
instruments,  called  tlie  Common  or  Application  Goniometer,  la 
represented  by  Fig.  193,  It 
consists  of  a  semicircular 
arc,  graduated  to  half-de- 
grees, and  of  two  arms,  ar- 
ranged as  represented  in  the 
figure,  Tlio  iirst  of  these 
arms,  a  b,  is  fixed  at  the  ze- 
ro division ;  but  the  second, 
d  f,  turns  on  c,  the  centre 
of  the  arc,  as  an  axis,  and 
indicates  on  the  limb  the  angle  of  the  crystal.  In  using  the  in- 
strument, the  faces  whose  inclination  is  to  be  measured  are 
applied  between  the  arms,  which  are  opened  until  they  just  admit 
the  angle,  taking  care  that  the  edge  made  by  the  two  faces  is 
perpendicular  to  the  plane  of  the  instrument.  It  is  easy  to  de- 
termine when  the  arms  are  closely  applied  to  the  faces  of  the 
crystal,  by  holding  the  instrument  between  the  eye  and  the  light, 
and  observing  that  no  light  passes  between  the  arms  and  the  faces 
of  the  crystal.     The  two  arms,  ab  and  df,  slide  in  the  slits  i  k, 
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g  h,  I  m,  and  can  be  shortened  at  pleasure,  a  provision  which  is 
frequently  important  in  the  case  of  small  crystals.  Moreover, 
for  measuring  crystals  partially  imbedded,  the  arc  is  jointed  at  t, 
so  that  the  part  a  t  may  bo  folded  back  on  tlio  otlier  quadrant. 
Sometimes  tlie  arms  admit  of  being  separated  from  the  arc,  an 
arrangement  which  is  more  convenient  than  the  one  represented 
in  the  figure. 

When  a  regular  goniometer  is  not  at  hand,  approximate  results 
may  be  obtained  by  means  of  an  extemporaneous  pair  of  arms 
made  of  thin  sheetr-metal,  mica,  or  even  of  card.  The  arms  are 
first  applied  to  the  faces  of  the  crystal,  as  already  described ; 
then,  carefully  retained  in  their  relative  position,  they  are  placed 
on  a  sheet  of  paper,  and  tlie  angle  is  laid  off  by  drawing  lines 
with  a  pencil  and  ruler  parallel  with,  or  in  tl^o  direction  of,  each 
of  the  arms.  This  angle  may  then  be  measured  by  means  of  a 
common  protractor,  or  a  scale  of  cords. 

The  common  goniometer  is  at  best  a  rough  instnunont ;  for, 
even  when  delicately  used,  it  seldom  furnishes  results  within  a 
quarter  of  a  degree  of  the  truth,*  For  polished  crystals  we  have 
a  much  superior  instrument,  called  the  Reflective  Goniometer. 
There  are  several  varieties  of  tliis  instrument,  but  we  shall  only 
describe  the  one  which  is  most  generally  used.  This  was  origi- 
nally devised  by  Wollaston,  and  is  called  by  his  name. 

The  principle  of  all  reflective  goniometers  is  illustrated  by 
Fig.  194.  Lot  a  &  c  be  the  section  of  a  crystal  made  by  a  plane 
perpendicular  to  the  edge 
formed  by  the  intersection 
of  the  two  faces  whose 
angle  we  wi'^h  to  meas- 
ure, ind  abac,  the  sec- 
tions of  the  two  faces, 
The  in^le  required  is  ev- 
idently the  same  as  the 
"   s    V3H  ^         plane   angle   b  a  c.     Let 

S  S  and  MM  be  two  ob- 
jects at  =iome  distance  fiom  the  crystal  which  maybe  used  as 
signals.     The  eye  of  an  observer  at  O,  looking  at  the  face  of  the 


*  A  more  aocnrate  form  of  the  Application  Goniometer,  devised  by  Adelmi 
lescribed  in  Dufr^noj's  "  Traite'  de  Minci-alogie,"  Vol.  I.    ' 
le  used,  as  a  Kcfleclivo  Goniomclcr. 
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ciystal,  sees  a  reflected  image  of  the  upper  signal  in  the  direction 
O  M,  and  coinciding  ■with  the  lower  signal,  seen  by  direct  vision. 
If,  now,  the  crystal  is  revolved  on  the  edge  whose  projection  is 
the  point  a,  until  it  assumes  the  position  a'  b'  c',  it  is  cridont 
that  the  reflected  imago  of  the  upper  signal  will  again  be  seen 
in  coincidence  witli  the  lower  signal.  But  in  order  to  bring  the 
crystal  to  the  second  position,  it  is  obviously  necessary  to  revolve 
the  face  a  c  through  the  arc  mnp,  which  is  the  supplement  of 
tlie  required  angle.  If,  then,  we  can  measure  the  angle  through 
which  the  crystal  must  be  turned  in  order  to  reproduce  the  coin- 
cidence, we  can  easily  calculate  the  angle  of  the  crystal.  This 
object  is  readily  accomplished  by  the  goniometer  of  Woilaston. 

The  instrument  consists  of  a  vertical  brass  circle,  L  L',  Fig. 
195,  about  twelve  centimetres  in  diameter,  whose  axis  is  mounted 


on  a  firm  support,^  q  r.  The  circle  is  _iiluatel  on  its  iim  to 
half-degrees,  and  may  be  revolved  by  means  ot  tl  o  nuUc  I  head 
V,  which  is  fastened  to  one  end  of  the  axYf  S.  verniei  *  u  pei 
manently  attached  to  the  support  at  w,  mdicites  the  angle  thic  igh 
which  the  circle  is  revolved,  and  also  subdivides  the  half-degrees 
into  minutes.     The  axis  on  which  the  circle  revolves  is  hollow, 

*  The  vernier  will  be  described  in  the  chapter  on  Weighing  and  Measuring. 
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and  through  it  passes,  with  slight  friction,  an  interior  axis,  a  c. 
At  one  end  of  this  interior  axis  is  fastened  the  milled  head  s,  by 
means  of  ■which  it  may  be  revolved,  and  at  the  other  end  tlie 
contrivances  for  supporting  and  adjusting  tlie  crystal,  z,  wliich  is 
fastened  with  wax  to  a  tliin  metallic  plate,  d  c.  From  this  con- 
struction it  is  evident  that,  if  wo  turn  the  milled  head  v,  the 
circle  and  crystal  will  both  revolve ;  but  if  wc  turn  the  milled 
head  s,  the  crystal  may  be  revolved  independently  of  the  circle. 
Any  distinct  horizontal  line,  such  as  the  bar  of  a  window,  may  be 
used  for  the  upper  signal ;  and  for  the  lower  signal,  a  black  line 
drawn  on  white  paper,  placed  several  feet  below,  and  adjusted 
parallel  to  the  first. 

In  use,  the  instrument  is  placed  on  a  table  about  ten  or  twelve 
feet  in  front  of  the  signals,  and  adjusted  by  means  of  the  level- 
ling-screws,  until  its  axis  is  perfectly  horizontal  and  parallel  with 
tlie  lines  forming  the  signals.  The  crystal,  which  has  been  pre- 
viously attached  to  the  movable  plate  d  c,  is  next  adjusted,  so 
that  the  edge  of  the  interfacial  angle  to  be  measured  shall  exactly 
coincide  witli  the  axis  of  tlie  instrument  produced.  This  is  the 
most  difficult  adjustment,  and  requires  some  skill.  The  crystal 
should  first  be  brought  into  place  as  nearly  as  possible  by  the 
eye,  either  by  shifting  its  position  on  the  plate  rfc,  orby  changing 
the  position  of  the  plate  by  means  of  the  axis  b  d  and  the  joint  g-. 
Wlien  apparently  adjusted,  the  eye  should  be  brought  as  near  the 
crystal  as  possible,  and  directed  towards  tlic  lower  signal.  Tlie 
miUed  head  s  should  next  be  turned  until  the  image  of  the  upper 
signal  is  seen  reflected  from  one  of  the  faces,  which  includes  the 
angle  to  be  measured.  If  tlie  crystal  is  perfectly  adjusted,  the 
image  will  appear  horizontal,  and  may  be  brought  into  perfect 
coincidence  with  the  lower  signal,  seen  by  direct  vision.  If  there 
is  not  a  perfect  coincidence,  the  adjustment  must  be  altered  until 
it  is  obtained.  The  milled  head  is  next  revolved  until  the  reflec- 
tion of  the  upper  signal  is  seen  in  the  second  face,  and  if  this 
image  also  coincides  with  the  lower  signal,  seen  in  direct  view, 
the  adjustment  is  complete  ;  if  not,  the  adjustment  must  be 
made  perfect,  by  altering  the  position  of  the  plate  d  c,  and  the 
first  face  again  tried.  A  few  successive  trials  of  the  two  faces 
will  enable  the  observer  to  obtain  a  perfect  adjustment.  When 
the  two  images  are  perfectly  horizontal,  the  edge  formed  by  the 
intersection  of  the  two  faces  must  be  parallel  to  the  axis  of  the 
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circle,  but  it  will  not  necessarily  coincide  with  it.  A  slight  vari- 
ation from  exact  centring  in  the  position  of  the  edge  is  not, 
however,  of  importance,  when  the  goniometer  is  placed  ten  or 
twelve  feet  distant  from  the  signals,  so  that  this  adjustment  may 
be  made  sufficiently  near  by  the  eye.  The  method  of  adjustment 
which  has  been  described  depends  on  the  laws  of  reflection,  which 
will  be  explained  in  the  chapter  on  Light.* 

The  crystal  thus  adjusted,  the  angle  is  very  easily  measured. 
The  zero  division  of  the  limb  is  fii-st  made  to  coincide  with  the 
zero  division  of  the  vernier.  The  eye  is  then  brought  as  near 
to  the  crystal  as  possible,  and  directed  towards  the  lower  sig- 
nal. The  crystal  is  then  revolved  by  the  milled  head  s  until 
the  image  of  the  upper  signal,  reflected  from  one  of  the  faces 
enclosing  the  required  angle,  coincides  with  the  lower  signal  seen 
by  direct  vision.  This  coincidence  obtained,  the  circle  and 
crystal  are  turned  together  by  means  of  the  milled  head  v, 
taking  care  to  keep  the  eye  in  exactly  tlie  same  position  until 
the  same  coincidence  is  observed  with  the  second  face.  The  angle 
through  which  the  circle  has  been  turned  may  now  be  read  off 
by  means  of  the  vernier  ;  and  this,  as  we  have  seen,  is  the  sup- 
plement  of  the  angle  of  the  crystal.  When  the  faces  of  a  crystal 
are  highly  polished,  we  can  determine  its  angles  by  means  of  the 
WoUaston  goniometer  within  a  few  minutes,  f  Unfortunately, 
however,  the  faces  of  most  crystals  are  not  sufficiently  polished 
to  give,  under  ordinary  circumstances,  a  distinct  image  of  the 
signal.  In  many  such  cases,  good  results  can  be  obtained  by 
making  the  measurements  in  a  partially  darkened  room,  and 
using  as  the  upper  signal  a  narrow  slit  in  the  screen  covering  one 
of  the  windows,  and  as  the  lower  signal,  a  horizontal  black  line 
drawn  on  the  casement  below.  The  slit  is  best  made  by  covering 
a  rectangular  aperture  in  the  screen  with  a  parallel  ruler,  which 

*  Another  method  of  ndjuating  Iha  goniometer  and  the  crystal  is  described  by  Pro- 
fessor W.  H.  Miller,  of  Cambridge,  England,  in  his  work  on  Crystallography,  and  also 
in  the  last  edition  of  Pliillips's  Mineralogy,  London,  1B52.  This  method  is  preferable 
to  tlie  one  described  in  tlie  text  in  most  cases,  and  especially  when  the  crystals  are  mi- 
nute or  the  lastre  of  the  laces  dim. 

t  For  the  methods  of  rectifying  the  inslrnment  and  of  determining  the  piohable 
errors  of  measurement,  the  student  may  consult  Naumann  Lohibuch  der  reinen  und 
angewandlenKrystallographio,  Leipzig,  1830,  Band  II  Neumann  Das  hiystall=is 
tem  des  Albites  ( Abhandlungen  der  toniglichen  Akademie  der  WissenoChafcen  m 
Boi-lii),  vum  Jiihru  J830). 

16 
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may  be  opened  more  or  less,  as  circumstances  require,  "When 
the  faces  are  very  dull,  the  slit  may  be  illuminated  by  means  oi 
a  heliostat.  In  such  cases,  when  we  can  see  no  image,  ve  can 
sometimes '  get  an  impression  of  light  imperfectly  reflected  from 
the  faces  of  the  crystal,  and  this  enables  us  to  measure  the  angle 
-within  ten  or  twelve  minutes.  "We  can  sometimes  render  the 
faces  of  crj-stals  roilccting,  by  fastening  on  tliem  very  thin  pieces 
of  mica  by  means  of  some  interposed  liquid,  such  as  water  or  oil 
of  turpentine. 

The  WoUaston  goniometer  has  been  modified  by  Rudberg* 
and  Mitscherlich,  f  ^nd  the  instrument,  as  thus  improved,  is  con- 
structed by  Oertling,  of  Berlin,  The  modifications  consist 
chiefly,  —  First,  in  an  improved  apparatus  for  centring  and 
adjusting  the  crystal.  Secondly,  in  siibstituting  for  the  distant 
signals  cross-wires  at  the  focus  of  the  eye-piece  of  a  telescope 
which  is  firmly  attached  to  the  stand  of  the  instrument.  The 
object-glass,  -which  ie  directed  towards  the  crystal,  is  so  adjusted 
tliat  tlie  rays  of  light  emanating  from  a  lamp  placed  before  the 
eye-piece  and  illuminating  the  cross-wires  are  rendered  parallel 
before  they  strike  upon  the  face  of  the  crystal,  and  thus  produce 
the  same  elFect  as  if  tliey  emanated  from  a  signal  ten  or  twelve 
feet  distant.  Thirdly,  in  directing  tlie  eye  by  means  of  a  second 
telescope,  furnished  witli  cross-wires,  whose  optical  axis  is  in  the 
same  plane  as  that  of  the  fii-st  telescope,  and  is  parallel  to  the 
plane  of  the  graduated  circle.  In  -using  this  instrument,  the 
crystal  is  first  carefully  adjusted,  and  then  turned  until  the  re- 
flected image  of  tlie  cross-wires  of  tlie  first  telescope  is  seen  to 
coincide  with  those  of  the  second,  seen  by  direct  vision.  The 
■whole  circle  is  then  turned  until  the  same  coincidence  is  obtained 
with  the  image  reflected  from  the  second  face.  The  angle  is  then 
read  oif  on  the  graduated  limb,  which,  in  the  large  goniometer 
constructed  by  Oertling,  is  divided  into  sixths  of  a  degree,  and 
each  of  these  di-visions  subdivided  by  a  vernier  into  sixths  of  a 
minute.  This  goniometer  gives  very  accurate  measurements ; 
but  on  account  of  the  loss  of  light  produced  by  the  lenses,  it  can 
only  be  used  with  crystals  whose  faces  are  highly  polished.     In- 

*  VorBcMag  zu  einem  rerbcsserten  Reflexionsgoniometec  (Annnlen  der  Pliys.  und 
Cheni.  Ton  Po^andorf,  IX.  b.  517). 

t  Abh.  (ler  kon.  Akad.  der  Wjss.,  Berlin,  1825,1839.  Also  Dufrenoy,  Traiti!  de 
Mineralogie,  Vol  I. 
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deed,  it  is  seldom  that  such  nicety  is  required,  since  the  angles 
of  crystals  arc  liable  to  accidental  variations  amounting  to  several 
minutes,  and  the  ordinary  Wollaston  goniometer  will  in  most  cases 
measure  the  angles  as  accurately  as  they  are  formed  by  nature. 

For  descriptions  of  the  various  forms  of  reflective  and  other 
goniometers,  which  have  been  proposed  by  Eabinet  *  Haidinger,f 
and  others,  $  the  student  is  referred  to  the  original  memoirs. 

(97.)  Identity  of  Crystalline  Form.  —  It  was  stated  in  (79), 
that,  mith  certain  limitations,  the  crystalline  form  is  always  the 
same  for  the  savie  substance,  and  we  are  now  prepared  to  binder- 
stand  what  the  limitations  are.  It  is  not  true,  in  the  ordinarj' 
acceptation  of  tlie  word,  tliat  the  same  substance  always  crystal- 
lizes in  the  same  form;  but  the  same  substance,  with  the  excep- 
tions hereafter  to  be  noticed,  always  crystallizes  in  the  same 
system.  Common  salt,  for  example,  usually  crystallizes  in  cubes ; 
but  when  it  is  crystallized  from  a  solution  containing  urea,  it 
takes  the  form  of  tlie  regular  octahedron,  or  else  a  compound 
form,  on  which  tlie  cube  and  octahedron  ai-e  united.  Both  of 
these  forms  belong  to  the  Monometric  System.  So  also,  M.  le 
Comte  de  Bournon,  in  a  monograph  of  two  volumes,  has  de- 
scribed eight  hundred  different  forms  of  the  mineral  calcite  ;  but 
all  of  these  belong  to  tlie  Hexagonal  System.  Wlien  a  substance 
crystallizes  in  the  Monometric  System,  the  relative  )engtlis  of  the 
axes  of  the  different  forms  must  necessarily  be  the  same  ;  but  in 
the  other  systems,  the  relative  lengths  of  the  axes  of  the  different 
forms  of  the  same  substance  may  be  different.  We  have  seen, 
however,  that  these  lengths  always  bear  to  each  other  a  very  sim- 
ple numerical  ratio  (compare  pages  143, 147, 159,  and  164),  and 
that  in  tlie  oblique  systems  the  axes  of  the  different  forms  of  the 
same  substance  have  always  tlie  same  relative  inclinations  (com- 
pare pages  164  and  168) .  It  follows,  therefore,  tliat  when  we  say 
tliat.a  substance  always  crystallizes  in  the  same  form,  we  only 
mean  that  it  crystallizes  in  forms  belonging  to  the  same  system. 
The  number  of  possible  forms  in  which  a  given  substance  may 
crystallize  (although  it  is  restricted  to  forms  of  one  system)  is, 

*  Dufi'e'noy,  Traite  de  Mineralogie,  VoL  I. 

t  SitzungBberielite  der  mathem.-natarw.  Classe  der  kaia.  Akademie  der  WiEseo- 
schafWn  zu  Wien.    Novemberhefte  dea  Jahrgnnges  1855.      ,. 

t  Suckow,  Vorschlag  m  einem  Gloniometer  (Journal  fiir  prafetiache  Cheniie  von 
Erdmann,  Band  II,)-  Gilbert's  Annalcn  dci-Physik,  Jahi-gang  1820.  Also  KoUiiati, 
Elcmente  der  Krystollographio,  Brunn,  1855. 
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of  course,  iniinite  ;  but  the  number  of  actual  forms  in  wliieli  it 
is  observed  to  crystallize  is  generally  very  limited,  —  seldom  ex- 
ceeding two  or  tliree.  Under  similar  circumstances;  a  given 
substance  almost  invariably  takes  the  same  form;  so  tliat  this 
form  is  one  of  the  most  characteristic  properties  by  whicli  a 
substance  may  be  recognized.  Moreover,  ive  also  iind  that  in 
any  given  system  the  possible  forms  of  a  substance  are  limited 
to  either  holohedral  or  hemihedral  forms.  For  example,  ive 
always  find  iron  pyrites  crystallized  in  the  parallel  hemihedral 
forms  of  the  Monometric  System,  and  gray  copper  in  the  oblique 
hemihedral  forms  of  the  same  system. 

(98.)  Dimorphism  and  Poli/morjjhism.  —  There  are  several 
substances,  which,  under  widely  different  conditions,  may  be 
made  to  crystallize  in  the  forms  of  two  systems,  and  a  few 
which  may  be  made  to  crystallize  in  those  of  three  systems. 
Such  substances  are  said  to  be  dimorphous  or  polymorphous. 
Sulphur,  for  example,  at  the  ordinary  temperature  of  the  air, 
crystallizes  in  the  forms  of  the  Trimetric  System ;  but  at  the  tem- 
perature of  US"  C.  it  crystallizes  in  the  forms  of  the  Monoclinic 
System.  Carbon,  also,  is  foiuid  in  nature  as  diamond,  whose 
crystals  belong  to  the  Monometric  System,  and  as  graphite,  whose 
crystals  belong  to  the  Hexagonal  System.  Again,  carbonate  of 
lime  occurs  in  forms  of  the  Hexagonal  System,  when  it  is  called 
calcite ;  and  in  forms  of  the  Trimetric  System,  when  it  is  called 
arroffonite.  Lastly,  titanic  acid  crystallizes  in  the  forms  of  the 
Dimetric  System,  in  which  a  :  b^l  :  0.6442  Q-utile)  ;  in  forms 
of  the  same  system,  in  which  a:b  =  1  :  1.7723  (antase)  ;  and 
also  in  forms  of  the  Trimetric  System  (brookile'). 

When,  however,  a  substance  crystallizes  in  the  forms  of  differ- 
ent systems,  we  find  that  in  the  several  states  its  other  properties 
differ  as  widely  as  the  forms ;  and  so  much  so,  that  it  may  be 
questioned  whether  they  can  properly  be  regarded  as  the  same 
substances.  No  two  substances  could  differ  more  widely  than 
the  two  states  of  carbon  (diamond  and  graphite)  ;  and  similar 
differences,  although  not  quite  so  striking,  exist  between  the 
different  states  of  other  substances.  It  becomes,  then,  a  question 
of  considerable  interest,  whether  these  states  can  properly  be  re- 
garded as  the  same  substance.  But  this  discussion  must  bo  re- 
served for  another  portion  of  this  work. 
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Elasticiti/. 

(99.)  Elasticity  of  Solids.  —  Having  considered  the  effect  of 
coliesion  in  retaining  tlio  molecules  of  solids  in  a  detcrmiuate  po- 
sition with  refeceiice  to  each  other(79),  we  come  nest  to  consider 
the  effect  of  tliis  molecular  force  in  determining  phenomena  of 
elasticity.  It  has  been  stated  (77),  that  the  phenomena  of  elas- 
ticity could  be  developed  in  all  matter  by  compression,  and  that  in 
solid  matter  they  could  also  be  developed  by  tension,  by  flexure, 
and  by  torsion.  The  laws  of  elasticity  in  solid  bodies  may,  for  the 
most  part,  be  developed  both  by  mathematical  analysis  and  by 
experiment ;  but  we  shall  be  obliged  to  confine  ourselves,  in  this 
work,  to  a  simple  enunciation  of  them,  referring  the  student  to 
the  works  on  Physics  which  have  been  previously  cited,  for  a 
full  development  of  the  subject 

(100.)  Elasticity  of  Tension  —  In  cxperimentni„  on  thf  elas- 
ticity developed  in  sohds  by  tension,  i\e  '-u  pend  (hu  lod  or  wire 
by  its  upper  extremity  to  a 
firm  support,  and  attach  to  its 
lower  extremity  a  pan  to  i-e- 
ceive  weight  (Pig.  196).  The 
elongation  caused  by  the  addi- 
tion of  weight  to  the  pan  can 
then  be  measured  by  means  of 
a  catheto meter.*  If  the  elon- 
gation does  not  exceed  a  cer- 
tain amount  for  any  given 
rod,  and  the  experiment  is  not 
continued  too  long,  the  rod 
will  resume  its  original  length 
when  the  weight  is  removed. 
If,  however,  the  elongation 
exceeds  the  limit  of  elastici- 
ty, or  if  the  strain  is  contin- 
ued beyond  a  limited  time,  a 
permanent  change  of  length 
and  bn!k  will  ensue.  When 
the    limits    of   elasticity   are 


*  T}iia  instrument  will  bo  dcscriljod  in  tho  cliaplt 

16  • 
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not  exceeded,  it  -will  be  found  that  tlio  following  laws  will  liold 
true  in  all  experiments  of  this  kind. 

1.  The  elongation  caused  by  an  increase  of  tension  is  the  same 
for  the  same  subtance,  whatever  may  have  been  the  original  ten- 
sion. For  example,  if  Tre  are  experimenting  on  a  rod  of  iron, 
we  shall  find  that  tlie  elongation  caused  by  the  addition  of  one 
kilogramme  to  the  pan  is  the  same,  whether  the  pan  was  before 
empty,  or  was  loaded  with  fifty  kilogrammes  or  any  other  amount 
of  weight. 

2.  The  elongation  is  proportional  to  the  increase  of  tension. 
If  the  rod  is  elongated  one  millimeti-e  by  one  kilogramme,  it  will 
be  elongated  ten  millimetres  by  ten  kilogrammes,  and  so  on. 

S.  The  elongation  is  proportional  to  the  length  of  the  rod. 
A  rod  of  the  same  substance,  of  the  same  size,  but  twice  as  long 
as  another,  will  be  elongated  twice  as  much  by  the  same  increase 
of  weight. 

4.  The  elongation  is  inversely  proportional  to  the  area  of  the 
section  made  at  right  angles  to  the  length  of  the  rod.  If,  for 
example,  two  rods  of  the  same  substance  Jiare  the  same  length, 
and  if  the  area  of  the  section  of  the  first  is  twice  as  gi'eat  as  that 
of  the  second,  it  will  only  be  elongated  one  half  as  much  by  the 
same  strain. 

(101.)  Coefficient  of  Elasticity.  —  It  follows  from  these  laws, 
that  the  elongation  of  a  given  rod,  which  we  mil  represent  ^ij  I, 
is  proportional,  first,  to  a  constant  quantity,  G,  depending  on  tlie 
nature  of  ite  substance ;  secondly,  to  tlie  weight,  tO,  by  which  it 
is  stretched  ;  tliirdly,  to  its  length,  L  ;  and,  fourthly,  is  inversely 
proportional  to  the  area  of  the  section,  S.  This,  expressed  in 
mathematical  language,  is 

i  =  C  .  to  .  i  .  ^, ; 

hen  CO, 

;=(7^--,       or       C=-^ 
S   '  L^ 

If  in  these  equations  we  put  K  ^  -^,  they  will  become, 
,-1   *»^  „..  ,r_ito 


fs' 


[66.] 


This  quantity,  K,  is  called  the  coefficient  of  elasticity.     If  in  the 
last  equation  we  put  /  =  L,  that  is,  if  we  suppose  the  elongation 
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to  be  equal  to  tlie  original  Icngtli,  and  also  make  S  =^  1  m.  m.^, 
the  equation  becomes  K ^^;  wlucli  shows  that  the  coefficient 
of  elasticity  of  any  homogeneous  substance  is  equal  to  the  abso- 
lute weight  required  to  double  the  length  of  a  bar  of  that  sub- 
stance, whose  section  is  equal  to  one  square  millimetre,  supposing 
such  an  increase  of  length  were  possible,  which  is  not  the  case 
except  with  threads  of  India-rubber.  The  following  table  gives 
the  coefficients  of  elasticity  of  a  number  of  metals,  as  deter- 
mined by  M.  Wertheira. 
Coefficients  of  Mlasticity  of  Annealed  Metcds  at,  different  Temperatures. 

Gold, . 

Silver,    . 

Copper, 

Platinum, 

Iron,  . 

Cast-Steel,      . 

English  Steel, 

It  appears  from  this  table,  that,  as  a  general  rule,  the  coeffi- 
cients diminish  as  the  temperature  rises  from  15°  to  200°. 

M.  "Wertheim  has  also  made  experiments  on  metals  which  have 
been  submitted  to  various  mechanical  agencies,  and  has  found 
that  all  circumstances  lohlch  increase  the  density  increase  also 
the  coefficient  of  elasticity,  and  the  reverse. 

The  coefficient  of  an  alloy  is  sensibly  the  mean  of  the  coeffi- 
cients of  the  metals  which  enter  into  its  composition,  even  when 
a  change  of  volume  accompanies  the  formation  of  the  alloy.  A 
current  of  electricity  diminishes  momentarily  the  elasticity,  inde- 
pendently of  the  diminution  caused  by  the  elevation  of  temper- 
ature which  it  produces. 

(102.)  Elasticity  of  Compression.  —  If  a  bar  is  compressed 
in  the  direction  of  its  length  by  a  force  acting  at  the  extremities, 
it  is  found  that  the  amount  by  which  it  is  shortened  is  exactly 
equal  to  the  amount  by  which  it  would  be  lengthened,  were  the 
force  applied  so  as  to  stretch  it.  It  follows,  from  this  equality  in 
the  effects  produced,  that  the  laws  of  elasticity  developed  by  com- 
pression are  the  same  as  the  laws  of  the  elasticity  of  tension. 

(103.)  Elasticity  of  Flexure.  —  The  simplest  case  of  elas- 
ticity developed  by  flexure  is  illustrated  by  Fig.  197.    It  repre- 
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sents  a  rectangular  bar,  A  B, 
fastened  at  one  of  its  extremi- 
ties in  a  liorizontal  position. 
If,  now,  we  press  upon  the  free 
extremity  of  the  bar  at  B,  so 
as  to  curve  it  a  little,  the  bar 
will  tend  to  return  to  its  first 
position,  in  consequence  of  the  elasticity  developed  by  the  flex- 
ure ;  and  if  left  to  itself,  will  resume  the  horizontal  position  after 


The  elasticity  of  flexure  is,  in  great  measure,  a  mixed  effect  of 
tlie  elasticity  of  compression  and  tension.  Since,  by  the  bending 
of  the  bar,  the  particles  of  the  convex  surface  A  B'  ai-e  drawn 
apart,  while  those  of  tlie  concave  surface  CD'  are  forced  to- 
gether, and  it  is  in  consequence  of  the  elasticity  thus  developed 
that  the  bar  tends  to  return  to  its  original  position.  B\it,  more- 
over, the  particles  of  the  bar  have  changed  their  position,  inde- 
pendently of  the  change  of  their  relative  distances  apart,  since 
the  particles,  which  were  previously  situated  on  a  straight  line, 
are  now  on  a  curved  line  ;  and  we  know  that  such  a  change 
of  position  must  be  accompanied  with  a  development  of  elas- 
ticity. 

Starting  from  these  data,  the  laws  of  elasticity  of  flexure  can, 
be  deduced  by  mathematical  analysis.  They  are  comprised  in 
the  formida, 

«  =  TC--         "'         to=^-^,-;        [67.] 

in  which  L  is  the  length  of  the  bar  ;  to),  the  weight  acting  per- 
pendicularly, and  tending  to  bend  it ;  b,  the  breadth  of  the  bar 
measured  perpendicularly  to  the  direction  of  this  force  ;  e,  the 
thickness  of  the  bar  ;  a,  the  arc  described  B  B' ;  and  K,  a  con- 
stant quantity  depending  on  its  substance.  If  in  [67]  we  put 
L^l  m.,  b  =  1  cm.,  e  :=  1  cm.,  a^^  1  c.  m.,  it  becomes 
to)  =  ^-  The  number  K  is  called  the  coefficient  of  the  elas- 
ticity of  flexure,  and  it  is  evidently  equal  to  the  weight  which 
will  bend  a  bar  of  a  given  substance  one  metre  long  and  one 
centimetre  square  through  an  arc  of  one  centimetre.  When  the 
values  of  a,  b,  e,  and  L  have  been  detennined  by  experiment  in 
the  case  of  any  substance,  the  value  of  K  for  this  substance  can 
easily  be  calculated. 
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Equation  [67]  shows  tliat  tlie  flexure  of  tho  bar,  or  a,  is  pro- 
portional to  the  force  itD.  It  follows  from  this,  that,  as  the  rod  is 
bent,  it  tends  to  restore  itself  to  the  position  of  equilibrium  with 
a  force  which  increases  with  the  distance  of  each  of  its  points 
from  their  position  of  equilibrium.  Now  it  can  be  proved  that, 
when  this  condition  exists,  the  oscillations  wliich  the  bar  makes 
in  returning  to  the  position  of  equilibrium  will  be  isochi-onous, 
whatever  may  be  their  amplitude.  Hence  reciprocally  it  will 
follow,  that,  if  the  oscillations  of  such  a  bar  are  isochronous,  the 
condition  under  consideration  must  exist.  It  is  easy  to  verify  the 
isochronism  of  the  oscillations  experimentally,  because,  being  very 
rapid,  they  produce  a  sound  whose  pitch  depends  on  the  number 
of  oscillations  in  a  second,  and  hence  in  any  case  would  vary,  if 
the  isochronism  were  not  preserved.  Now  it  is  well  known  that 
this  pitch  is  constant  for  a  given  bar,  whatever  may  be  tlie  ampli- 
tude of  the  oscillations  ;  and  thus  this  is  at  once  a  consequence 
and  a  proof  of  the  law,  that  the.  flexure  is  proportional  to  the 
force. 

It  lias  been  assumed  in  this  discussion,  that  the  section  of  the 
bar  is  a  rectangle,  and  that  the  force  is  applied  in  a  direction  per- 
pendicular to  one  of  its  sides.  When  these  conditions  are  not 
fulfilled,  the  formula)  [67]  no  longer  hold  true.  It  has  been  also 
assumed  that  the  bar  returns  exactly  to  its  first  position  when  it 
is  freed,  or,  in  other  words,  that  the  flexure  does  not  exceed  the 
limit  of  elasticity. 

(104.)  Applications. — Almost  all  springs  — 
watch-springs  and  carriage-springs  —  are  appli- 
cations of  the  elasticity  of  flexure.  The  bow 
is  another  example.  The  elasticity  of  a  haii 
cushion  is  due  to  the  elasticity  of  flexiiro  devel 
oped  in  the  single  hairs.  The  spring  balance. 
Fig.  198,  which  has  been  already  described  (71), 
is  an  application  of  the  law  that  the  flexure  is 
proportional  to  the  weight. 

The  elasticity  of  flexure  has  been  applied  bv 
Bourdon  in  the  construction  of  a  metallic  ma 
nometer  and  barometer,  which  bear  his  name 
It  is  a  familiar  fact,  that,  if  we  force  air  into 
a  flexible  tube,  closed  at  one  end,  which  is 
flattened  'and   coiled  iip  on  its  flat  side,  the  pressure  tends  to 


-  for   example, 
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urtoil  it      inl    on   tho   other  hand    that    if  we  exhaust  the 

ail    the  exteiioi  ple6'^u^e  tend&  to  coil  it  stiil  further.     If  the 

tube  IS  al--o  elastic  it  i&  evident  tliat  when  the  pressure  is  re- 
moied  oi  restored,  it  will 
ipturn  to  its  former  condi- 
tion piovided  that  tlie  lim- 
its ot  elasticity  are  not 
parsed  These  facts  are 
the  bisis  of  tlie  two  instru- 
ments lepiesented  in  Pigs. 
IJ  I  and  200. 

Ihp  chief  object  of  the 
manoimter  (Fig.  199)  is  to 
mei=iure  the  pressure  exert- 
ed !  y  confined  steam,  al- 
though it  might  be  used  for 
any  similar  purpose.  It 
consists  of  an  elastic  tube, 
a  b,  made  of  brass,  and 
coiled  as  represented  in  the 

figure.     A  section  of  this  tube  is  represented  at  S.     The  end  of 

the  tube,  a,  is  firmly  fastened  to  tlio  stopcock,  m,  by  which  it 

connects  with  the  steam-boiler.     To  the  closed  end  of  the  tube, 

b,  is  attached  a  hand,  e,  which 

moves  over  an   index.     As  the 

pressure  of  the  steam  on  tlie  mte 

rior  surface  of  the  tube  inci  eases 

it  gradually  uncoils,  and  the  baud 

points  to  the  number  ot   itmov- 

pheres  of  pressure.     Wl  en  the 

pressure  is   removed,  the   tulx. 

in  virtue  of  its  elasticity,iesnme>' 

its  original  position,  and  the  hind 

points  to  the  first  division  of  the 

scale. 

The  barometer  (Fig.  200)       % 

more   delicate  instrument    con 

strncted  on  tlie  same  pnnciple 

The  tube  is  here  closed  at  both  ends    ind  nhen  th     prtssuit,  of 

the  atmosphere  is  just  equ  il  tu  th    t  n  ion  of  the  cunfin  d  dir  it 
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is  in  the  condition  of  eqiiilibrimn.  Wlieii,  liowever,  the  pressure 
of  the  atmosphere  diminishes,  there  is  an  excess  of  pressure  on  the 
interior  surface  of  the  tube,  and  it  tends  to  uncoil ;  on  the  other 
hand,  when  the  atmospheric  pressure  increases,  there  is  an  ex- 
cess of  pressure  on  tlie  exterior  surface,  and  tlie  tube  tends  to 
coil  still  more.  As  constructed,  the  air  is  partially  exhausted 
from  the  tube,  and  hence  the  pressure  of  the  atmosphere  always 
tends  to  coil  it  more  or  less,  as  compared  with  the  condition  of 
equilibrium.  The  tube  is  fastened,  at  the  middle  of  its  length,  to 
the  upper  part  of  the  instrument,  and  its  free  ends  are  connected, 
by  the  metallic  threads  a,  b,  with  the  hand,  which  serves  to  mul- 
tiply the  motion,  while  a  small  spiral  spring,  c,  causes  the  needle 
to  follow  with  accuracy  any  change  of  position  in  the  ends  of  the 
tube.  Tlic  arc  is  graduated  to  correspond  witli  a  mercurial  bar 
roraeter,  and  denotes  the  number  of  centimetres  of  mercury  to 
which  the  atmospheric  pressure  corresponds. 

(105.)  Elasticity  of  Torsion.  —  It  is  a  fact  of  frequent  obser- 
vation, tliat,  when  a  metallic  wire,  a  b  (Fig,  201),  fastened  at  one 
end,  is  twisted  by  a  force  apphed  at  the 
other,  it  strives  to  return  to  its  original 
position,  and  when  free  returns  to  tliis  po- 
sition, after  having  made  a  number  of  os- 
cillations. This  of  course  supposes  tliat 
the  strain  has  not  exceeded  the  limit  of 
elasticity. 

It  is  easy  to  see  how  elasticity  is  devel- 
oped in  a  wire  by  torsion.  Suppose  m  n, 
Fig.  201,  to  be  a  line  of  particles  parallel 
to  the  axis  of  the  wire  when  in  a  state  of 
equilibrium.  It  is  evident  that,  when  the 
wire  is  twisted,  these  particles  will  be  dis- 
tributed on  the  helix  m  n' ;  but  in  order  to 
assume  tliis  position,  tiie  distances  between 
the  successive  molecules  must  be  increased,  ^'^  ^"^' 

which  will  develop  the  elasticity  of  tension.  Besides,  this  elas- 
ticity is  also  developed  by  the  fact  that  the  particles  resist  any 
change  of  position,  even  when  the  relative  distances  are  pre- 
served. 

The  angle  a,  through  which  a  radius  of  the  lower  base  of  the 
wire  is  turned,  is  termed  the  angle  of  torsion.     Tlie  force  wliich, 
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applied  at  the  extremity  of  a  lever  equal  to  the  unit  of  length 
and  perpendicular  to  the  wire,  will  maintain  it  in  a  position 
■wliich  corresponds  to  a  certain  angle  of  toi-sion,  is  called  the 
force  of  torsion.  And  when  the  angle  of  torsion  is  such  that  the 
arc  described  by  the  extremity  of  the  lever  is  also  equal  to  unity, 
the  force  of  torsion  is  called  the  coefficient  of  torsion. 

The  laws  of  the  elasticity  of  torsion  were  investigated  by  Cou- 
lomb, and  are  expressed  in  the  following  formulie  :  — 


[68.] 


which  apply  to  the  case  represented  in  Fig.  201,  of  a  cylindrical 
weight  suspended  by  a  cylindrical  wire  to  a  fixed  support,  a,  so 
tliat  the  axis  of  the  cylinder  and  the  wire  correspond.  In  this 
case,  W  represents  the  weight  of  the  cylinder  ;  r,  its  radius ;  g, 
the  force  of  gravity ;  F,  the  coefficient  of  torsion  of  the  wire ; 
and  t,  the  time  of  the  oscillations  which  the  cylinder  makes  on 
its  axis,  in  returning  to  the  state  of  rest  after  the  wire  has  been 
twisted.  The  laws  of  torsion  discovered  by  Coulomb  are  as 
follows. 

1.  The  force  of  torsion  is  proportional  to  the  angle  of  torsion. 
In  order  to  establish  this  law.  Coulomb  made  experiments  on  the 
oscillations  of  the  weiglit  W  on  its  axis  caused  by  the  torsion  of 
the  wire,  using  wires  of  different  substances,  and  loading  them 
with  different  weights.  He  found  that  in  each  case  the  times  of 
the  oscillations  were  independent  of  the  amplitudes,  or,  in  other 
words,  that  tliey  were  isochronous ;  and  it  can  readily  be  shown, 
by  the  same  course  of  reasoning  used  in  (103),  in  regard  to  the 
elasticity  of  flexion,  that  the  law  is  a  necessary  consequence  of 
this  fact. 

T]ie  isochronism  of  the  oscillations  caused  by  torsion  is  ex- 
pressed by  [68],  since  the  value  of  the  second  member  of  the 
equation  is  independent  of  the  amplitude. 

2.  The  force  of  torsion  is  independent  of  the  tension  of  the 
wire.  It  has  been  proved  by  experiment,  that  the  square  of  the 
time  of  oscillation  is  proportional  to  the  weight,  W,  or,  in  other 
words,  that  ~  is  a  constant  quantity ;  and  hence  it  follows,  that 
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tlie  value  of  F  [69]  is  not  changed  by  any  variation  of  the 
weight. 

The  coefficient  of  torsion  depends  upon  the  substance  of  the 
wire,  and  also  upon  its  diameter  and  its  length,  it  being  inversely 
proportional  to  the  lengtli  and  directly  proportional  to  the  fourth 
power  of  the  diameter  of  the  wire. 

(106.)  Applications  of  the  Elasticity  of  Torsion.  —  Ono  of 
the  most  beautiful  applications  of  the  laws  of  torsion  is  the  tor- 
sion-balance, contrived  for  measuring 
tho  intensity  of  feeble  attractive  and 
repulsive  forces.  Ono  fonn  of  this 
balance,  which  is  used  for  measuring 
the  intensity  of  the  attractive  or  repul- 
sive force  between  electrified  bodies  is 
represented  in  Pig.  202  The  general 
structure  of  the  apparatus  is  evident 
from  the  figure,  and  does  not  reqniro 
description.  The  most  essential  pait 
of  it  is  a  fine  silver  wire  attiched, 
at  its  tipper  end,  to  the  brass  ciicle 
e,  and  from  the  lower  end  of  which 
is  suspended  a  shellac  needle  The 
circle  e  is  movable,  and  turns  on  the 
cap,  ■which  is  cemented  to  the  gliss 
tube  d.     This  circle  is  graduated  on 

the  exterior  rim  into  degieus  and  the  index  raxtk  it  a  T\hich  is 
fastened  to  the  cap,  indicates  the  angle  thi  ough  whieli  the  cirele  e 
has  been  tui'ned.  The  glass  tube  aho  tuin&  in  a  biass  socket, 
which  is  cemented  to  the  glass  cover  of  the  apparatus.  The  re- 
pulsive or  attractive  force  between  the  two  electrified  balls  m  and 
«,  is  measured  by  the  angle  through  which  it  is  necessary  to  twist 
the  wire  (by  turning  the  circle  e),  in  order  to  balance  it,  the  force 
exerted  being  always  proportional  to  the  angle  of  torsion.  A 
modification  of  the  torsion-balance  was  employed  by  Cavendish, 
and  subsequently  by  Bayly,  in  the  determination  of  tho  density 
of  the  earth. 

(107.)  Limit  of  Elasticity.  —  It  has  been  several  times  stated 

in  the  previous  sections,  that  the  laws  of  elasticity  only  hold  true 

so  long  as  tbe  strain  does  not  exceed  tho  limit  of  elasticity,  and 

it  was  stated  in  section  (77),  that,  within  more  or  less  narrow 

17 
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limits,  all  solids  vgtq  perfectly  elastic.  The  phenomena  of  elas- 
ticity may  be  developed  by  torsion  in  those  substances  which  seem 
the  most  destitute  of  this  property.  Thus,  if  we  take  a  leaden 
wire  two  millimetres  in  diameter  and  three  metres  long,  fix  one 
end  of  it  firmly  to  the  ceiling,  and  fasten  an  index  to  the  otlier, 
t  U  V  f  d  11  t  f  we  twist  the  wire  twice  round  and  let 
t  t  w  II     ft  imber  of  oscillations,  come  to  rest  in  its 

g     1  p     t  1   w  ng  that  the  elasticity  in  this  leaden  wire 

pe  f  t  J.  t  tl  1  it  mentioned.  But  if  we  twist  the  wire 
f       tm  tlfto,  it  will  not  return  to  its  first  i>osition, 

1  t  t  po  t  1  t  of  that  by  nearly  two  rerolutions.  The 
p  t  1  f  Id  w  re  of  this  length  and  thickness  will  bear 
a  d   pi  t  d  by  two  revolutions  of  the  index  ;  but 

th     d   (.^  t  ioned   by  four   turns   is   more   than  its 

J     t   1  I  d  they  remain  permanently  displaced, — 

tl  1  t  k       what   is  technically  called   a   set.     So 

al  tl         jl    d        f  pipe-clay  (which  is   generally  consid- 

1  f  1 1  t  t  1  sticity  as  almost  any  substance  can  be) 
1   w   tl  te  f   lasticity  as  perfect  as  can  be  found  in  the 

best^-tempered  steel ;  but  here  agaiu  the  limit  of  elasticity  is  soon 
reached.  A  steel  wire,  similar  to  the  lead  one  just  mentioned, 
might  be  twisted  a  great  many  times  before  its  particles  would 
receive  such  a  set  as  to  prevent  it  from  completely  untwisting 
again ;  but  after  it  had  been  twisted  a  certain  number  of  times, 
the  limit  of  its  elasticity  would  be  passed,  and  it  would  not  come 
to  rest  again  at  its  first  position. 

The  same  phenomena  appear  in  all  the  cases  we  have  studied. 
A  wire,  which,  when  stretched  by  a  light  weight,  will  resume  its 
original  length  when  the  weight  is  removed,  will  be  permanently 
lengthened  if  the  weight  exceeds  a  limited  amount.  So  also  a 
eteel  spring,  if  bent  beyond  a  certain  point,  is  forced,  and  re- 
mains permanently  bent  to  a  greater  or  less  extent. 

It  is  a  remarkable  fact,  that  even  when  the  limit  of  elasticity 
has  been  exceeded,  so  tliat  the  particles  have  taken  a  permanent 
set,  the  elasticity  of  the  whole  mass  remains  the  same  as  before. 
Thus,  when  a  wire  has  been  permanently  lengthened  by  a  great 
strain,  it  is  as  perfectly  clastic  in  its  new  condition  as  before, 
readily  recovering  from  the  effects  of  smaller  degrees  of  exten- 
sion. So  also  it  was  found  by  Coulomb,  that,  after  he  had  given 
a  set  to  the  lead  wire  already  referred  to,  by  twisting  it  four 
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times  round,  the  wire  was  as  elastic  in  its  new  condition  as  be- 
fore, requiring  the  same  force  to  give  it  a  further  twist,  and 
recovering  itself  as  completely  when  that  force  was  withdrawn. 

The  limits  of  elasticity  have  been  determined  only  in  the  case 
of  the  elasticity  of  tension.  Tlie  method  of  experimenting  was 
to  take  ivires  of  any  length,  hut  whose  section  was  equal  to 
one  square  millimetre,  and  to  determine  the  amount  of  weight 
required  to  extend  them  permanently  0.05  m.  m.  for  each 
metre  of  length.  This  investigation  was  more  difficult  than 
would  appear,  on  account  of  the  fact  that  the  duration  of  the 
strain  has  an  important  influence  on  the  permanent  elongation 
which  results  ;  for,  when  once  commenced,  this  elongation  slowly 
increases,  and  although  it  may  not  he  sensible  at  the  end  of  a  few 
minutes,  yet  after  several  hours  it  may  become  very  evident. 
Tliis  principle  is  illustrated  by  the  well-known  facts,  that  the  best 
springs  are  worn  out  with  long  use,  that  the  beams  of  floors  bend 
little  hy  little,  and  that  building  settle  with  time.  The  limit  of 
elasticity  is  not,  therefore,  a  value  which  can  be  ngorously  de- 
termined, and  hence  the  numbers  in  the  following  table  must  be 
s  only  approximate. 


"•— ■" " 

Limit  oCKtastklly 

";;-,:" 

Lead, .     .     . 

■   i?  ■", 

0.25 

2,50 

!a       1  1 

0.20 

1.80 

Tin,     .      .     . 

ID.™ 

0.40 

2.4,^ 

(All 

0.20 

1.70 

Gold,  .     .     . 

■      l".         ., 

13,00 

27.00 

1   V         1   1 

3.00 

10,08 

Silvur,     .     . 

(D 

11.00 

29.00 

■       I  \.n      1  J 

2.50 

16.02 

Copp«r,    .     . 

ID 

12.00 

40.30 

-S.OO 

30.54 

Platinum,      . 

■       (A        1  1 

26.00 
14.00 

31.10 
23.50 

Iron,    .      . 

JDa  11 

32.50 

61.10 

■       i  Ann    1  d 

6,00 

46.B3 

Cast-Steel,    . 

(Dra 

55.60 

80.00 

■       1  \nnealed 

5.00 

65.70 

(108.)  Elasticity  of  Crystals.  —  In  most  crystalline  solids 
the  elasticity  is  not  the  same  in  all  directions,  as  is  shown  by  the 
phonoiTieiia  of  cleavage  (110).     By  a  beautiful  apphcation  of  the 
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prindplcs  of  acoustics,  Savart*  has  determined  in  a  few  in- 
stances the  differences  of  elasticity  wliich  the  same  crystals 
present,  -when  examined  on  different  lines  of  direction  with 
reference  to  their  crystalline  axes.  As  neither  the  methods  nor 
the  results  of  his  investigations  could  be  made  intelligible  in 
this  connection,  we  must  refer  the  student  to  the  memoirs  cited 
helow.  These  differences  of  elasticity  in  crystals  give  rise  to 
Bome  of  the  most  beautiful  phenomena  of  optics,  and  we  shall 
have  occasion  to  refer  to  the  subject  again  m  that  connection. 

(109.)  Collision  of  Elastic  Bodies.  —  The  effects  of  collision, 
df";cribed  in  (41'),  are  gi-eatlv  modified  when  the  bodies  are  elas- 
tic, and  in  a  way  which  it  is  im- 
portant to  study.  Let  us  then 
suppose,  in  order  to  make  the 
case  simple,  that  the  bodies  are 
two  elastic  spheres,  a  and  b. 
Fig.  203,  with  different  masses, 
M  and  M',  which  are  moving  in 
the  same  direction,  from  left  to 
right,  with  the  velocities  b  and  h'  re- 
spectively, 1)  being  greater  than  b'. 
"When  the  balls  come  together,  they  will 
flatten  each  other  (Fig.  204),  until  the 
velocities  of  the  two  become  equal.  If 
the  bodies  are  soft,  this  flattening  will 
be  permanent,  and  the  balls  will  move 
on  together  with  a  velocity  which,  as  we  have  found,  [23,]  is 

iy,  _  ^  ^+J^')^.  [23.1 

If  the  bodies,  on  the  contrary,  are  elastic,  and  the  limit  of  elas- 
ticity is  not  exceeded  during  the  impact,  we  have  the  same  result 
as  before  up  to  the  moment  of  greatest  flattening,  and  at  that 
moment  the  velocity  is  b",  as  given  above.  But  after  this  moment 
a  new  set  of  phenomena  appears.  The  two  balls  thus  flattened 
act  as  springs,  and  in  resuming  their  original  form  impart  recip- 
rocally to  each  other  as  much  momentum  as  was  expended  m 
producing  the  compression.     At  the  moment  of  greatest  com- 

*  Aiindes  de  Chimie  ct  de  Physique,  T  Serio,  Tom.  XL.    Also  Pufrfnoy,  Trait^ 
rtc  Mindralo^e,  Tom.  J.  p.  289. 
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pression,  it  is  evident  tliat  the  ba.ll  a  lias  lost  in  velocity  an 
amount  equal  to  b  —  b"  ;  and,  on  the  other  hand,  the  ball  b 
has  gained  in  velocity  an  amount  equal  to  b"  —  V'.  In  recover- 
ing its  form,  the  ball  b  tends  to  drive  a  to  the  left,  and  therefore 
to  retard  its  motion  ;  and,  on  the  other  hand,  the  ball  a  tends  to 
throw  b  forwai'd,  and  therefore  to  accelerate  its  motion.  More- 
over, by  the  principle  just  stated,  this  retardation  and  accelera- 
tion will  be  just  the  sa.me  as  that  caused  between  the  first  contact 
of  the  balls  and  the  moment  of  greatest  compression.  Hence, 
after  the  impact,  the  velocity  of  a  will  bo  diminished  by  an 
amount  equal  to  2(0  —  •i'Oi  ^"'^  *''^^*  '^^  ^  increased  by  au 
amotint  equal  to  2(1)"  —  b').  Representing,  then,  the  veloci- 
ties after  the  impact  by  ba  and  b,,  wc  have 

b,==b— 2(b-b")-  •^»'i  b,  =  b'  +  2(b"— b').  [to.] 

Subtracting  the  second  of  these  equations  from  the  first,  wc  ol>- 
tain 

U  —  bi  =  b'  —  b.  [Ti.] 

This  equation  shows  that  the  difference  of  velocity  is  the  same 
after  the  impact  that  it  was  before ;  but  the  relation  lias  been  re- 
versed, the  velocity  of  a  beuig  now  less  than  that  of  b.  Hence 
it  follows,  that,  after  the  impact,  the  two  balls  will  recede  from 
each  other  as  rapidly  as  they  approached  each  other  before ;  and 
this  is  true  in  every  case  of  the  impact  of  two  spheres,  when 
both  are  perfectly  elastic.  In  order  to  find  the  actual  velocities 
after  impact,  we  have  only  to  substitute  in  [70]  the  value  of  b" 
given  by  [23],  when  we  obtain 

1)  _  Qf—J^')  b  +  2  M'  b' 

"°—  M~-\-3P  ' 

and  [T2.] 

K  _  {W  —  M)  b'  -f  2-^0 

In  obtaining  these  values,  we  have  supposed  that  both  balls  were 
moving  from  left  to  right,  the  mass  iU",  whose  velocity  is  the 
greatest,  being  at  the  left  of  the  other.  The  same  formulfe,  how- 
ever, hold  true  for  all  cases  of  direct  impact ;  except  that,  when 
one  of  the  balls  is  moving  from  right  to  left,  the  sign  of  its  velocity 
must  bo  changed,  A  few  examples  will  illustrate  the  applicatiou 
of  the  formula. 

IT* 
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Let  US  suppose,  then,  for  tlie  first  case,  that  the  masses  of  the 
two  balls  aro  equal,  and  that  the  ball  b  is  at  rest.  "Wo  shall 
then  have  M'  =  M,  aiid  Ij'  =  0,  Substituting  these  values  in 
[72],  -wo  have 

bo  =  0,  and  1),  =  1).  [73.] 

Hence,  after  the  impact,  the  ball  a  remains  at  rest,  and  the  ball 
b  moves  ou  with  tlio  velocity  whicli  a  had  before  the  impact. 

Let  us  suppose,  as  the  second  case,  that  the  masses  are  equal, 
and  that  the  motions  ai'o  in  opposite  directions,  that  of  a  posi- 
tive, anil  that  of  b  negative.  We  shall  then  have  M'  =  M,  and 
I)'  —  —  {v.     Substituting,  we  obtain 

t)„  =  —  b',  and  I),  =  b.  [74.] 

Here,  after  the  impact,  the  ball  a  "will  move  from  right  to  left 
with  the  previous  velocity  of  &,  and  b  will  move  from  left  to  right 
with  the  previous  velocity  of  a ;  and  in  general,  when  the  masses 
are  equal,  the  two  spheres  will  interchange  velocities. 

Let  us  suppose,  as  a  tliird  case,  that  the  velocities  are  equal,  and 
the  motions  in  opposite  directions,  as  before ;  and  further,  that 
the  mass  of  b  is  greater  than  that  of  a.  We  then  have  0'  =  —  b, 
and  M'  >  M.     Substituting,  we  obtain 

,     _  {M-  3  M')  b  -.        K   „  (3  M-  M')  b  p.-  -, 

Li  this  ease,  after  the  impact,  the  ball  a  must  always  move  from 
right  to  left,  when,  as  supposed,  M'  y  M.  If  JIf'  <  3  M,  the 
ball  b,  after  the  impact,  will  move  from  left  to  right.  If,  how- 
ever, Jtf'  >  3  -M",  it  will  move  from  right  to  left.  When 
M'  =  S  M,  we  have 

b„  =  2  b,  and  b,  =  0  ;  [76.] 

that  is,  the  ball  a  will  move  from  right  to  left  with  twice  its  pre- 
vious velocity,  and  the  ball  b  will  remain  at  rest. 

We  can  also  apply  the  formulte  to  the  case  where  an  elastic 
ball  strikes  vertically  on  a  fixed  obstacle,  as  when  an  India- 
rubber  ball  is  let  fall  on  the  ground.  In  this  case,  M'  =;  co, 
and  b'i^O,  Substituting  these  values,  [72]  becomes  bo^^  —  b; 
that  is,  the  body  moves,  after  impact,  with  the  same  velocity  as 
before,  but  in  an  opposite  direction.  Hence  the  India-riibber  ball 
should,  by  (22),  rebound  to  the  same  height  from  which  it  fell. 
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This  is  not  practically  true,  because  the  surface  on  which  it  falls 
is  never  perfectly  elastic,  and,  moreover,  because  the  hall  does 
not  recover  promptly  from  the  compression. 

Let  us  next  suppose  tliat  the  sphere  strikes  the  obstacle  in  an 
oblique  direction  (Fig.  205),  and  that  its  velocity  at  the  moment 
of  collision  is  represented  by  the 
line  i  a',  whicli  represents  also 
the  direction  of  the  motion,  Tliis 
motion  is,  by  (24),  equivalent  to 
two  others,  one  in  a  direction 
which  is  tangent  to  the  surface, 
and  whose  velocity  at  the  mo- 
ment of  collision  is  represent- 
ed by  the  line  i  c,  and  another, 
which  is  iionnal  to  the  surface, 
and  whose  velocity  at  the  mo- 
ment of  collision  is  represented 
by  the  line  »  n'.  The  lines  i  c 
and  i  n'  are  sides  of  a  parallelo- 
gram, of  which  ia'  is  the  diagonal.  The  firet  motion  will  con- 
tinue, after  the  impact,  with  the  same  velocity,  without  changing 
its  direction.  The  second  motion,  as  we  have  just  seen,  will  be 
changed  by  the  impact  into  a  motion  in  the  opposite  direction, 
but  with  the  same  velocity.  In  order  to  lind  the  resulting  path 
and  velocity  of  the  ball  after  the  impact,  wc  need  only  to  combine 
these  two  motions.  For  tliis  purpose,  we  have  already  drawn 
the  line  i  c,  which  represents  the  velocity  and  the  direction  of  the 
first  component.  The  line  i  n,  drawn  equal  to  the  line  i  n',  and 
in  an  opposite  direction,  will  represent  the  velocity  and  direction 
of  the  second  component.  Completing  the  parallelogram  and 
drawing  its  diagonal,  we  find  that  the  body  moves,  after  the  im- 
pact, in  the  direction  i  b,  with  a  velocity  represented  by  the  length 
of  this  line.  Moreover,  since  the  parallelograms  c  n  and  c  »'  are 
equal,  their  diagonals  are  also  equal,  —  proving  that  the  velocity 
after  the  impact  is  the  same  that  it  was  before.  Furtlier,  since 
t  n  is  in  the  same  plane  as  i «',  it  follows  that  the  diagonals 
must  be  in  the  same  plane,  which  shows  that  after  the  impact  the 
ball  moves  in  the  same  plane  in  which  it  moved  before.  Lastly, 
it  follows,  from  the  equality  of  the  parallelograms,  that  the  an- 
gles bin  and  a'  i  rt'  are  equal,  and  consequently  the  angles  bin 


d  by  Google 


200  CHEMICAL   PHYSICS, 

and  AIM  are  equal.-  The  angle  ain,  Trhicli  tlic  original  direc- 
tion of  the  motion  makes  with  the  normal  to  the  surfaco  of  the 
fixed  obstacle,  is  called  t^xa  angle  of  incidence;  and  the  angle 
bin,  formed  by  the  direction  of  tlie  motion  after  impact  with 
this  normal,  is  called  the  angle  of  reflection.  Hence,  the  angle 
of  incidence  is  equal  to  the  angle  of  reflection. 

The  absolute  equality  of  the  angles  of  incidence  and  reflection 
is  only  realized  -whon  both  the  body  and  the  obstacle  are  perfectly 
elastic.  When  this  is  not  tlie  case,  the  component  in  is  less  than 
i  w',  and  hence  the  angle  bin  greater  than  ain,  the  angle  of  re- 
flection becoming  greater  in  proportion  to  tho  deficiency  of  elas- 
ticity ;  and  when  the  bodies  are  unelastic,  it  becomes  equal  to 
90°,  and  the  ball  moves,  after  the  impact,  in  the  direction  i  c. 
Compare  (41). 

Finally,  let  iis  suppose  that  two  elastic  spheres,  A  and  B,  Fig, 
206,  —  moving  in  the  same  plane  with  the  different  velocities  il 
and  v',  —  meet  each  other  obliquely. 
In  order  to  find  tlie  directions  and  ve- 
locities of  their  motions  after  impact, 
we  may  extend  tho  method  adopted  in 
tho  case  just  discussed.  We  first  de- 
compose the  velocity  of  A,  repre- 
sented by  the  line  n  v,  into  two  com- 
ponents at  right  angles  to  each  other, 
n  U^a,  and  w  V^b.  In  hke  man- 
ner, we  decompose  the  velocity  of  B 
^'^■^'"''-  into  two  components,  nU'^a',  and 

nY'=  b'.  We  next  find,  by  [72J,  what  will  be  the  velocities  of 
the  two  bodies  after  the  collision  in  the  direction  w  U,  as  if  they 
had  been  moving  previously  in  this  direction  alone,  with  the  veloci- 
ties of  a  and  a'  respectively.  Wo  shall  thus  obtain  for  tlie  velocities 
after  the  collision,  in  the  direction  n  U,  two  quantities,  a,  and  a,. 
In  like  manner,  we  next  seek,  by  [72] ,  what  will  be  the  velocities 
after  the  collision  in  the  directions  n  V'  for  A,  and  n  Ffor  B,  and 
obtain  two  quantities,  b„  and  b,.  Lastly,  by  combining  together, 
on  the  principle  of  tlie  composition  of  velocities,  the  components 
Oo  and  b„,  we  shall  obtain  the  final  direction  and  velocity  of  A; 
and  by  combining  a,  and  b„  the  final  direction  and  velocity  of  B, 
This  calculation  can  easily  be  made  in  any  special  case,  and  does 
not,  therefore,  require  further  illustration.     When  the  masses  of 
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the  two  spheros  arc  equal,  it  follows  from  [74],  that  they  es- 
change  velocities  in  each  of  the  component  directions ;  that  is, 
flc  =  a',  a,  =  a,  60  =  b%  and  b,  =  b.  The  final  direction  and 
velocity  of  A  will  then  be  obtained  by  combining  a'  and  b',  and 
those  of  B  by  combining  a  and  b,  when  it  will  appear  that  both 
the  directions  and  the  velocities  of  two  elastic  spheres  are  inter- 
changed by  an  oblique  collision  when  their  masses  are  equal. 

The  laws  of  tlie  collision  of  elastic  bodies  may  be  iUnstrated 
in  a  great  variety  of  ways  ;  but  the  best  of  all  illustrations  is 
found  in  the  game  of  billiards,  which  is  based  almost  entirely 
upon  them.  This  game  is  played  with  balls  of  ivory,  which  are 
in  tliemselves  elastic,  and  on  a  table  whose  raised  edges  are  cov- 
ered with  elastic  cushions.  The  object  of  the  game  is  to  hit 
one  ball  with  anotlier,  set  in  motion  with  a  stick  moved  by  the 
hand,  so  that  one  or  both  shall  afterwards  move  toward  a  certain 
point  or  points.  To  effect  this,  in  the  various  positions  of  the 
balls,  requires  an  empirical  knowledge  of  the  laws  of  the  col- 
Esion  of  elastic  bodies,  and  great  skill  in  their  application.  The 
results  obtained  in  this  game  do  not  conform  exactly  to  the 
theory,  on  account  of  the  imperfect  elasticity  of  the  balls  and 
cushions.  Thus  we  have  seen  [73]  that,  when  an  elastic  body 
encounters  another  of  the  same  mass  at  rest,  the  last  is  set  in 
motion,  and  the  former  remains  stationary.  This  is  not  generally 
the  case  with  billiard-balls,  for  usually  both  balls  move  after 
the  impact ;  but  nevertheless,  when  the  stroke  is  very  sharp,  this 
result  does  at  times  occur.  This  is  probably  owing  to  the  fact, 
that  the  friction  of  tlie  ball  on  the  cloth  covering  of  the  table, 
the  imperfect  elasticity  of  ivory,  and  other  causes  of  disturbance, 
have  the  least  influence  when  the  ball  is  moving  with  a  powerful 
force.  So  also,  when  the  ball  rebounds  from  the  elastic  cushion, 
the  angles  of  incidence  and  reflection  are  not  exactly  equal, 
but  they  are  very  nearly  so  when  the  ball  is  driven  with  a 
powerful  stroke. 

Resistance  to  Rvpture. 

(110.)  When  a  rod  is  stretched  in  tl^e  direction  of  its  length, 
with  a  gradually  increasing  force,  it  finally  breaks,  the  force  re- 
quired to  break  it  depending  on  the  substance  of  tlie  rod,  and  its 
size.     The  smallest  weight  required  to  part  it  is  the  measure  of 
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Uie  resistance  of  tlie  rod,  and  the  weight  required  to  part  a  rod 
of  any  substance,  wlioso  section  is  equal  to  one  square  millimetre, 
is  the  measure  of  the  temxcUy  of  that  substance. 

The  resistance  to  rupture  can  be  couvcnientiy  determined  by 
means  of  the  dynamometer,  represented  in  Fig.  207.     It  consists 


of  an  iron  frame,  P,  on  which  slide  two  carriages,  a  and  b.  The 
first  of  these  is  connected  with  a  powerful  spring,  contained  in 
the  box  H.  When  the  can-iage  a  is  drawn  forward,  tlie  spring 
is  bent,  and  communicates  motion  to  the  index,  C,  which  moves 
on  a  graduated  arc,  and  indicates  in  kilogrammes  the  inten- 
sity of  the  force.  The  second  cai-riage,  b,  is  united  with  the 
frame  at  A  by  moans  of  the  screw  o,  and  may  be  mored  for- 
wards or  backwards  by  turning  the  handle  M.  The  rest  of  the 
apparatus  consists  of  a  train  of  wheels  and  pinions,  which  con- 
nect the  spring  with  the  fly-wheel  V,  and  prevent  it  from  flying 
back  too  suddenly  when  the  tension  is  removed. 

In  order  to  determine  the  resistance  to  rupture  of  a  given  wire 
by  means  of  this  apparatus,  the  two  ends  of  it  are  fastened  to  the 
carriages  by  means  of  the  vices  which  they  carry.  The  handle, 
M,  is  then  slowly  turned  until  the  wire  breaks,  when  the  needle, 
C,  indicates  in  kilogrammes  the  amount  of  force  which  has  pro- 
duced the  rupture. 

By  means  of  this  apparatus,  we  can  easily  establish  the  truth 
of  the  following  laws;  —  1.  The  force  required  to  produce 
rupture  is  proportional  to  the  section  of  the  bar.  2.  It  is  inde- 
pendent of  the  lerifftk  of  the  bar. 
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In  determining  tlie  resistance  of  bars  to  rupture,  we  meet 
with  the  same  difficulty  already  referred  to  in  connection  with 
the  determination  of  the  limit  of  elasticity.  The  rupture  is  not 
i  by  the  action  of  a  constant  force.  As  soon  as  the  strain 
5  the  limit  of  elasticity,  the  rod  elongates  little  by  little, 
the  particles  are  at  first  slowly  displaced,  but  fijially  they  sud- 
denly separate  and  the  rod  breaks ;  so  that  a  moderate  force 
applied  for  a  long  time  will  frequently  cause  the  rupture  of  a  rod 
which  would  resist  a  much  greater  force  applied  for  a  short  time. 
This  slow  diminution  of  tenacity  is  a  fact  to  which  it  is  essential 
to  pay  regard  in  the  construction  of  buildings. 

(111.)  Tenacity.  —  The  tenacity  of  a  substance  is  the  resist- 
ance to  rupture,  measured  in  kilogrammes,  whicli  a  rod  will  ex- 
ert, whose  section  is  just  one  square  millimetre.  In  determinijig 
the  tenacity  of  solids,  we  may  obviously  experiment  on  rods  or 
wire  of  any  convenient  size,  the  area  of  whose  section  is  known, 
and  then  calculate  the  tenacity  by  the  principles  of  the  last  sec- 
tion. The  tenacity  of  tlie  different  metals  differs  very  greatly, 
between  that  of  lead,  in  which  it  is  very  feeble,  and  that  of  steel, 
which  has  the  greatest  tenacity  of  all,  as  will  be  seen  by  referring 
to  the  table  on  page  195,  in  which  the  tenacity  of  the  xiseful 
metals  is  given  at  the  side  of  the  numbers  expressing  the  limit 
of  elasticity.  It  will  also  be  noticed,  that  there  is  a  very  great 
difference  between  the  tenacity  of  the  same  substance  when 
drawn  into  wire  and  when  annealed,  it  being  greatest  iu  the 
first  condition.  The  process  of  drawing  wire  will  be  described 
in  (113).  The  change  of  form  which  it  produces  is  accompa- 
nied by  another  very  curious  result.  Although  the  particles  of 
the  wire  are  really  less  close  togetlier  after  the  operation  of 
drawing  than  they  were  before,  yet  they  hold  together  more 
firmly,  so  that  the  tenacity  of  the  wire  is  greatly  increased. 
The  cohesion  of  iron  is  increased,  in  drawing,  to  a  very  remark- 
able degree,  so  that  fine  iron  wire  is  the  most  tenacious  of  all 
materials.  "  Tims  a  bar  one  inch  square  of  the  best  casHron 
may  be  extended  by  a  weight  of  nine  tons  and  three  quai-ters ; 
a  bar  of  the  same  size  of  the  best  wrought-iron  will  sustain  a 
weight  of  thirty  tons  ;  a  bundle  of  wires  one  tenth  of  an  inch  in 
diameter,  of  such  size  as  to  have  the  same  quantity  of  material, 
will  sustain  a  weight  of  from  thirty-six  to  forty  tons ;  and  if  the 
wire  be  drawn  more  finely,  so  as  to  have  a  diameter  of  only  one 
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twentieth  or  one  thirtieth  of  an  inch,  a  bundle  containing  the 
same  quantity  of  material  will  sustain  a  weight  of  from  sixty  to 
ninety  tons."  *  Hence  cables  made  of  fijie  iron  wire  twisted  to- 
gether will  sustain  a  far  greater  weight  than  chains  containing 
the  same  quantity  of  iron.  The  cables  of  suspension  bridges  are 
usually  made  in  this  way. 

(112.)  Cleavage.  —  In  crystalline  bodies,  the  resistance  to 
rupture  is  not  equally  great  in  all  directions.  Most  crystallized 
bodies  are  found  to  break  t  1  ly  n  certain  planes  affording 
a  more  or  less  smooth  f     t  1  avage,  while,  if  they  are 

broken  in  any  other  dire  t  tl  f  ture  is  rough  and  jagged. 
These  planes  are  called  pi  f    I  avage.     They  are  always 

parallel  either  to  actual  f  n  tl        ystal,  or  to  possible  faces. 

Cleavage  can  generally  i  p  d  d  on  the  same  crystal  to  an 
indefinite  extent,  in  pla  \  11  1  t  each  other,  thus  dividing 
the  crystal  into  a  sci-ie  f  tl  1  nte.  Generally  the  same 
crystal  may  be  cleaved  in  several  directions,  and  the  union  of  the 
several  planes  of  cleavage  forms  what  is  called  a  solid  of  cleav- 
age, which  is  constant  for  the  same  substance,  and  is  always  one 
of  the  simple  forms  of  tlie  system  to  which  the  crystal  belongs. 
Compare  (93). 

Crystals  differ  very  greatly  from  each  other  in  the  facility  with 
which  they  may  be  cleaved.  In  some  cases,  the  laminre  can  be 
separated  by  the  fingers.  This  is  the  case  with  mica  and  several 
other  minerals.  At  other  times,  a  slight  blow  of  the  hammer  is 
required,  as,  for  example,  with  galena  and  calc-spar ;  while  not 
unfrequently  cleavage  can  be  obtained  only  by  using  some  sharp 
cutting-tool  and  a  hammer.  When  other  means  fail,  it  can  some- 
times be  effected  by  heating  the  crystal  and  immersing  it  whilo 
hot  in  cold  water.  "When  cleavage  is  easily  obtained,  it  is  said  to 
be  eininent. 

In  crystals  of  the  Monometrie  System,  cleavage  is  obtained 
with  equal  ease  in  the  direction  of  any  one  of  the  planes  of  cleav- 
age ;  but  in  crystals  of  the  other  systems,  cleavage  is  obtained 
with  equal  ease  only  in  planes  which  ai-e  parallel  to  the  similar 
planes  of  the  crystal.  The  cubic  crystals  of  galena,  for  example, 
which  belong  to  the  Monometrie  System,  may  be  cleaved  with  equal 
readiness  in  either  of  the  three  directions  which  aro  parallel  to 

*  CM[>entcr's  Mechanical  Philosophy. 
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the  faces  of  the  cube.  On  the  other  hand,  tho  crystals  of  gypsum, 
which  belong  to  the  Monoelinic  System,  may  be  cleaved  with 
great  facility  in  one  direction,  less  readily  in  a  second,  and  only 
with  some  difficulty  in  a  tliird ;  in  thick  crystals,  the  last  two 
cleavages  are  scarcely  attainable. 

The  general  laws  with  respect  to  cleavage  aro  stated  by  Pro- 
fessor Dana*  as  follows :  — 

1.  Cleavage  in  crystalx  of  the  same  species  yields  the  same 
form  and  angles. 

2.  Cleavage  is  obtained  with  equal  ease  or  difli.culty  parallel 
to  similar  faces,  and  with  unequal  ease  or  difficuHy  parallel  to 
dissimilar  faces . 

8.  Cleavage  parallel  to  similar  planes  affords  planes  of  similar 
lustre  and  appearance,  and  the  converse. 

(113.)  Ductility  and  Malleability.  —  Some  substances  will 
not  allow  a  permanent  displacement  of  their  molecules,  and 
break  wlienever  the  strain  exceeds  the  limit  of  elasticity.  Such 
substances  are  called  brittle  bodies,  and  to  this  class  belong 
glass,  tempered  steel,  marble,  sulphur,  and  many  others.  There 
are  other  substances,  on  the  contrary,  which,  when  submitted  to 
various  mechanical  processes,  allow  a  permanent  displacement, 
more  or  less  considerable,  of  their  molecnles,  which  then  assume 
new  positions  of  equilibrium.  This  property  is  possessed  in  a 
high  degree  by  the  metals,  and  is  called  ductility  or  maUeabHity, 
according  as  it  is  applied  in  drawing  out  wire,  or  in  reducing 
the  metal  to  slieets  and  leaves  in  a  roliing-mill  or  under  the 
hammer. 

The  machine  for  drawing  wire  consists  essentially  of  a  plate 
of  hardened  steel  pierced  with  a  number  of  conical  holes  of  dif- 
ferent sizes.  Through  one  of  those  lioles  is  passed  tho  ond  of  a 
metallic  rod,  which  has  been  reduced  in  size  for  the  purpose. 
This  end  is  then  seized  with  a  pair  of  pliers  and  pulled  with  con- 
siderable force.  In  being  thus  forced  through  the  hole,  the  rod 
becomes  lengtliened,  and  diminished  in  size.  It  is  then  passed 
in  like  manner  through  a  smaller  hole,  and  thus  successively, 
until  the  wire  is  reduced  to  the  requisite  fineness.  Fig.  208 
is  a  representation  of  a  mill  used  for  drawing  iron  wire.  The 
coarser  wire  is  unwound  from  the   reel  F,  and,  after  having 

*  System  of  Mineralogy,  Vol.  I,  p.  103, 
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passed  the  dratviTig-plate  A  B,  is  received  on  the  drum  C,  to 
which  the  force  is  applied  through  the  cog-wheels  r  p,  nq  (see 
Fig.  209). 

In  order  that  a  suhstance  should  read- 
ily yield  to  this  mechanical  action,  it  is 
evidently  essential,  not  only  that  its  par- 
ticles should  have  the  power  of  readily 
changing  their  position,  but  also  that  it 
should  be  endowed  with  great  tenacity. 
Heuco  those  metals  whoso  particles  ad- 
mit most  readily  of  change  of  position 
are  not  necessarily  the  most  ductile. 

A  rolUiig-mill  consists  of  two  steel 
rollers,  arranged  as  represented  in  Pig. 
210,  so  that  their  distance  apart  can  be 
varied  at  pleasure,  and  so  that  they  may 
be  turned  together  in  unison,  but  in  op- 
posite directions.  The  plate  of  metal  is 
applied  between  tlie  two  rollers,  and  is  forced  to  accommodate  its 
thickness  to  the  distance  between  them,  which  is  adjusted  so  as 
to  be  a  little  less  than  the  thickness  of  the  plate.  This  distance 
may  then  be  diminished,  and  the  process  repeated  until  the  thick- 
ness of  the  plate  is  reduced  to  the  desired  amount. 

Many  of  the  metals  can  be  reduced  to  leaves  of  exceeding  te- 
nuity under  the  hammer.  It  is  in  this  way  tliat  the  goldleaf 
used  in  gilding  is  prepared.  The  gold  plate  is  lirst  reduced  in 
a  rolling-mill  to  the  thickness  of  about  one  millimetre.     Several 
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of  these  plates  are  now  piled  on  each  other,  and  spread  out  hy 
beating  the  pile  with  a  heavy  mallet  until  they  are  reduced  to 
the  thickness  of  a  sheet  of  paper.  The  leaves  are  next  separated 
from  each  other  by  sheets  of  paper,  and  the  pile  beaten  again. 
Finally,  the  slieets  of  paper  are  replaced  by  othei^  made  of  gold- 
beaters' skin.  In  this,  as  in  all  similar  processes,  the  metal  be- 
comes brittle,  and  would  infallibly  break  or  tear  were  it  not 
frequently  reannealed.  The  process  of  annealing  consists  in 
heating  the  substance  to  a  high  temperature,  and  then  allow- 
ing it  to  cool  very  slowly. 

The  relative  malleability  of  the  metals  is  not  the  same  when 
hammered  as  when  roiled,  and  the  difference  appears  to  arise 
from  the  sudden  shocks  which  accompany  the  blows  of  the  ham- 
mer. In  the  following  table,  the  relative  malleability  of  the 
useful  metals  by  both  methods  is  given  side  by  side,  togetlier 
with  the  relative  tenacity  and  ductility.  A  comparison  of  the 
columns  will  illustrate  what  has  been  stated  above. 


Iron 

Platinum 

Lead 

Gold 

Copper 

Silver 

Tin 

Silver 

Platinum 

Iron 

Gold 

Copper 

Silver 

Copper 

Zin« 

Tin 

Zinc 

Gold 

Silver 

Lead 

Gold 

Zinc 

Copper 

Zine 

Lead 

Tin 

Piatinum 

Platinum 

Tin 

Lead 

Iron 

Iron 

The  action  of  heat  modifies,  in  a  most  marked  manner,  both  the 
ductility  and  maileability  of  many  bodies.     Iron,  fop  example,  is 
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very  malleable  at  a  red  heat,  and  in  this  condition  it  can  be  read- 
ily forged  or  rolled  into  sheets.  Glass,  again,  which  is  brittle  at 
the  ordinary  temperature,  is  both  malleable  and  ductile  to  the 
liighest  degree  at  a  red  heat.  Copper,  on  the  other  hand,  is  most 
malleable  when  cold,  and  zinc  cannot  be  rolled  out  with  success 
except  between  the  temperatures  of  130°  and  150°  C.  Above 
this  last  temperature,  it  becomes  very  brittle. 

The  malleable  metals  are  capable  of  receiving  impressions  from 
blows ;  a  property  which  is  continually  made  use  of  iu  various 
processes  of  the  arts.  The  processes  of  stamping  coins  and  em- 
bossing figures  on  surfaces  of  various  kinds  are  an  illustration  of 
the  fact.  The  impression  is  made  by  means  of  a  die,  in  which  the 
design  is  sunk,  just  as  the  raised  impression  wliich  tlie  wax  is  to 
present  is  sunk  in  the  seal.  The  die,  which  is  made  of  the  hardest 
steel,  is  forced  down  upon  the  blank  coin  by  means  of  a  powerful 
screw  or  lever,  and  the  metal  of  the  coin,  being  comparatively 
soft,  is  driven  with  great  force  into  the  cavities  of  the  die,  and 
retains  tlie  impression. 

Hardness. 

(114.)  Scale  of  Hardness . —  lIs.rOinQss  is  the  resistance  which 
bodies  oppose  to  being  scratched  or  worn  by  other  bodies.  Of 
two       b  t  tl    t       e  id  to  be  the  hardest  which  will 

sc  at  1     I      otl  Tl     1  a  dness  of  a  body  is  closely  related 

to  t  du  1 1  ty  a  d  te  ty  U  circumstances  which  increase 
th  1  1  ty  d  n  1  tl  t  nacity  rendering  the  body  softer, 
ai  1  tl  I        d     t     distinguish  a  harder  body  from  a 

softer,  we  cither  attempt  to  scratch  the  one  with  the  other,  or  we 
try  each  with  a  file.  The  last  method  is  generally  to  be  pre- 
ferred ;  but  both  should  be  employed  when  practicable,  since 
some  bodies  "  give  a  low  hardness  under  the  file,  owing  either  to 
impurities  or  imperfect  aggregation  of  the  pai-ticles,  while  they 
scratch  a  harder  species,  —  showing  that  the  particles  are  hard, 
although  loosely  aggregated."  * 

Hardness  is  an  important  character  of  a  substance,  and  is 
much  used  by  mineralogists  as  a  means  of  distinguishing  between 
mineral  species.  In  order  to  fix  a  common  standard  of  compari- 
son, the  distinguished  German  mineralogist,  Mobs,  introduced  a 

*  Jiana's  Syslem  of  Mineralogy,  Vol.  I.  p.  1^0. 
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scale  of  hardness.  This  scale  consisted  of  ten  minerals,  which 
gradually  increase  in  hardness,  marked  from  1  to  10.  It  has 
been  since  modified  by  Breithaiipt,  who  has  introduced  two  ad- 
ditional degrees  of  hardness,  one  between  2  and  3,  the  other 
between  5  and  6,  as  these  intervals  were  larger  than  the  rest. 
The  numbers  of  Mohs,  however,  have  been  retained.  The  scale 
is  as  follows  :  — 

1.  Talc ;  common  laminated,  light-green  variety. 

2.  Gypsum;  a  crystallized  variety. 
2.5.  Mica;  variety  from  Zinnwald. 
8.     Calcite  ;  transparent  variety. 

4.  Fluor- Spar ;  crystalline  variety. 

5.  Apatite ;  transparent  variety. 
5.5.  Scapolite;  crystalline  variety. 

0.     Fehpa/r  (ortlioclase)  ;  white,  cleavable  variety. 

7.  Quartz;  transparent. 

8.  Topaz;  transparent. 

9.  Sapphire  ;  cleavable  varieties, 
10.     Diamond. 

In  determining  the  hardness  of  a  mineral,  we  draw  a  file  over 
it  with  considerable  pressure.  If  the  file  abrades  the  mineral 
with  the  same  ease  as  No.  4,  and  produces  an  equal  depth  of 
abrasion  with  the  same  force,  the  hardness  is  said  to  be  4 ;  if  less 
readily  than  4,  but  more  readily  than  5,  it  is  said  to  be  between 
4  and  5  (written  4  -  5)  ;  or  we  may  determine  it  witli  more  accu- 
racy as  4.25  or  4.50.  Several  successive  trials  should  be  made, 
in  order  to  insure  accuracy,  and  the  student  should  practise  him- 
self in  tlic  use  of  the  file  with  specimens  of  known  hardness, 
until  he  can  obtain  constant  results.* 

(116.)  Sclerometer. — In  testing  the  hardness  of  the  dissim- 
ilar faces  of  the  crystal,  very  marked  differences  are  frequently 
observed.  Differences  may  also  be  perceived  on  the  same  face 
when  csamined  in  different  directions.  Tor  the  purpose  of 
measuring  with  great  accuracy  the  differences  in  hardness  which 
the  faces  of  a  crystal  present,  an  apparatus  has  been  contrived 
by  Grailichf  and  Pekarek,  called   a   sclerometer.     It  consists 

«  Boxes  contniniiig  the  twelve  minefals  of  the  Mohs  scale  can  be  procured  from 
the  dealers  in  philosophicnl  apparatus. 

t  Sitiiingsberichte  der  mathem.-naturw.  Classe  der  koia,  Akafl.  der  Wissen.,  (Wieo, 
1851,)  BaadXm.  s.  410, 

18* 
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essentially  of  a  Imrd  steel  point  attached  to  the  under  side,  at 
one  end,  of  a  balance  beam,  which  is  carefully  poised  on  its 
knife-edge.  Above  the  point,  and  on  the  upper  side  of  the  beam, 
there  is  a  pan  to  receive  weights,  by  wliich  the  steel  point  may 
be  pressed  down  upon  the  face  of  a  crystal  witli  a  regulated 
force.  At  the  other  end  of  the  beam  there  is  fastened  a  spirits 
level,  and  the  whole  is  so  adjusted  that  the  beam  —  with  the 
point  and  pan  at  one  end,  and  with  the  spiri1>-levo!  at  the  other 
—  is  just  in  equilibrium. 

By  means  of  the  sclerometer,  it  appears,  for  example,  that  tiic 
rhombohedral  faces  of  crystals  of  calcite,  r  (Fig.  211),  arc  softer 


than  the  end  faces,  a.  It  has  also  been  found  that  the  hardness 
is  not  the  same  in  all  directions  on  the  rhombohedral  face.  From 
a  series  of  determinations  made  by  Grailich  and  Pekarek  with 
their  sclerometer,  it  appears  that  the  greatest  hardness  is  in  the 
direction  of  the  shorter  diagonal  of  the  face,  from  C  to  E  (Pig. 
212),  and  the  least  hardness  in  the  opposite  direction,  from  £  to 
C  on  the  same  diagonal.  The  weights  required  in  the  pan  above 
the  hard  point,  in  order  to  scratch  the  face  in  various  directions, 
■were  as  follows :  — 

Angle.*  Weight. 

0°     Shorter  diagonal  from  C  to  E,  285  centigrammes. 

39"     Perpendicular  to  edge  x,  2!'<0             " 

61°     Parallel  to  edge  2,  213 

90°     Longer  diagonal  from  M  to  C,  152             " 

129°     Parallel  to  edge  x,  135             " 

141°     Perpendicular  to  edge  z,  126             " 

180°     Shorter  diagonal  from  ^  to  C,  96             " 

These  numbers  are  in  each  case  the  mean  of  several  observa- 
tions.    Similar  differences  have  been  observed  on  a  largo  number 

*  These  angles  are  those  made  by  tho  given  direction  with  the  shorter  diagonal. 
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of  other  crystals,  and  they  !cad  to  the  tbUowiiig  general  con- 
chisioiis :  — 

1.  That  the  harcieat  planes  of  a  crystal  are  those  which  arc 
perpendicular  to  the  plane  of  most  perfect  cleavage.* 

2.  That  on  a  given  plane  the  direction  of  greatest  hardness  is 
that  -wliielr  is  most  inclined  to  the  direction  of  most  perfect 
cleavage. 

(116.)  Annealing  and  Temperiyi^.  —  The  hardness  of  many 
substances  may  be  greatly  modified  hy  the  action  of  heat,  and  by 
various  mechanical  processes.  The  effects  of  change  of  tempera- 
ture ill  varying  the  degree  of  hardness  are  most  important  in  re- 
gard to  steel,  since  it  is  on  this  influence  that  the  application  of 
steel  to  so  great  a  variety  of  useful  purposes  depends.  If  steel 
is  heated  to  a  red  lieat,  and  then  very  slowly  cooled,  it  becomes 
ductile,  flexible,  soft,  and  comparatively  unelastic*  This  pro- 
cess is  called  annealing,  and,  when  thus  annealed,  steel  can  read- 
ily be  drawn  into  wire,  rolled  into  sheets,  or  manufactured  into 
its  numerous  useful  forms.  If,  however,  the  articles  thus  manu- 
factured are  heated  to  a  white  heat,  and  then  suddenly  cooled  by 
plunging  tlieni  into  water  or  mercury,  the  steel  becomes  very 
hard,  brittle,  highly  elastic,  and  less  dense. 

In  its  state  of  greatest  hardness,  steel  is  scarcely  fit  for  any 
pui-poses  in  the  arts,  since  it  is  so  brittle  that  its  points  or  edges 
are  broken  by  a  very  slight  resistance.  But  by  reheating  it  to  a 
lower  temperature,  and  then  slowly  cooling  it,  this  extreme 
hardness  may  be  reduced,  and  the  flexibility  of  the  steel  propor- 
tionally increased.  TJio  amount  of  tlie  reduction  is  greater,  the 
higher  the  temperature  to  which  the  articles  are  heated,  and  if 
heated  to  a  rod  heat,  they  again  become  soft. 

This  process  of  reheating  is  termed  letting  down  or  temperiti^^ 

and  the  workman  is  guided  to  the  effects  he  wishes  to  produce  by 

the  changes  of  color  which  the  surface  of  polished  steel  exhibits 

at  different  temperatures.     The  tints  which  correspond  approxi- 

matively  to  the  different  temperatures  arc  as  follows  :  — 

Light  straw,       220'         Violet-yellow,  2fi5°         Blue,  293° 

Gol(ien-yellow,  230°         Purple- violet,  277°         Deep  Blue,  317" 

Orange-yellow,  240"         Feeble  blue,     288°         Sea-green,    330° 
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The  hardest  steel  is  used  for  little  else  than  the  making  of  dies 
for  coining.  The  steel  of  the  hardest  files  is  but  little  let  down. 
The  first  shade  of  yellow  indicates  that  the  reheating  has  been 
carried  sufficiently  far  for  lancet  and  other  small  surgeons'  instru- 
ments, on  which  the  keenest  edge  is  required.  Razor  and  pen- 
knife blades  are  heated  until  they  exhibit  a  light  straw-color. 
Scissors,  shears,  and  chisels,  in  which  a  greater  tenacity  is  required, 
are  tempered  at  the  first  shade  of  orange.  Table  cutlery,  in  which 
flexibility  is  more  desirable  than  the  hardness,  which  would  give  a 
fine  but  brittle  edge,  are  heated  to  the  violet.  Watch-springs  are 
heated  to  a  full  blue,  and  coach-springs  to  a  deep  blue.  In  many 
manufactories  the  temper  is  given  by  immersing  tlie  hardened 
steel  articles  in  a  bath  of  mercuiy  or  oil,  the  lieat  of  which  can 
be  exactly  regulated  by  a  tliermometer.  The  bath  is  heated  up 
to  the  required  temperatiire,  and  then  allowed  to  cool  slowly. 
In  this  way,  any  number  of  articles  which  are  to  receive  the 
same  temper  may  be  equably  heated  and  gradually  cooled. 

Most  other  metals  are  acted  upon  by  heat  and  cold  in  some- 
what the  same  manner,  although  to  a  much  less  degree.  Copper, 
however,  is  a  remarkable  exception  to  the  rule,  its  properties 
being  exactly  the  reverse  of  tlioae  of  steel ;  for  when  cooled 
slowly  it  becomes  hard  and  brittle,  biit  when  cooled  rapidly,  soft 
and  malleable.  This  same  property  is  possessed  to  a  still  higher 
degree  by  bronze,  which  is  an  alloy  of  copper  and  tin. 

Glass  undergoes,  from  the  action  of  heat  and  cold,  the  same 
changes  as  steel.  When  heated  to  a  red  heat,  and  suddenly 
cooled,  it  becomes  more  brittle,  harder,  and  less  dense  than  in  its 
annealed  condition.  When  a  glass  vessel  is  first  blown,  it  cools 
rapidly  and  irregularly,  and  the  varying  hardness  of  its  different 
parts  gives  to  it  such  a  degree  of  brittleness,  that  the  slightest 
shock  or  a  small  change  of  temperature  would  break  it.  In 
order  to  prevent  this,  it  is  annealed,  by  passing  it  through  a  long 
furnace,  of  which  the  heat  is  very  great  at  one  end  and  slowly 
diminishes  towards  the  other,  and  it  is  tlms  cooled  gradually  and 
equably. 

^  The  properties  of  unannealed  glass  are  illustrated 

y^  by  Prince  Rupert's  drops.  These  are  made  by  drop- 
/[  ping  melted  glass  into  water,  which  of  course  cools 

tl  them  suddenly,  and  gives  to  the  glass  a  high  degree  of 

Kg  213.        hardness  and  a  proportionate  brittleness.    Tliey  have  a 
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long  oval  form,  tapering  to  a  point  at  one  end  (Fig.  213).  The 
body  of  tlie  drop  is  so  hard  that  it  will  hear  a  smart  stroke ;  but 
if  a  portion  be  broken  off  from  the  small  end,  the  whole  imme- 
diately flies  into  minute  particles  with  a  loud  snap. 

The  cause  of  the  changes  in  hardness  produced  by  the  action 
of  heat  has  not  been  as  yet  satisfactorily  explained.  The  expla- 
uation  usually  given  is  this.  When  a  bar  of  steel  highly  heated, 
and  hence  greatly  expanded,  is  immersed  in  cold  water,  tlie  ex- 
terior layers  suddenly  contract,  and  are  compelled  to  adapt  tliem- 
selves,  by  a  permanent  displacement  of  their  molecules,  to  the 
core,  -wliich  is  still  in  an  expanded  state  within.  Subsequently, 
when  tlie  interior  of  the  mass  cools,  its  particles  cannot  approach 
each  other  freely,  because  they  are  more  or  less  united  to  tlie  ex- 
ternal crust,  which  has  been  already  fixed  in  position.  Hence, 
tliese  particles  remain  in  a  state  of  tension,  and  this  is  supposed 
to  give  rise  to  the  peculiar  change  of  properties. 

Were  this  explanation  correct,  the  effects  of  a  sudden  change 
of  temperature  ought  to  be  greatest  on  thick  bars  of  steel,  but  in 
fact  the  reverse  is  the  case.  The  change  is  most  probably  con- 
nected with  the  plienomeiia  of  dimorphism (98),  but  in  what  way 
is  not  yet  understood. 

Most  metals  are  hai'dened,  not  only  by  sudden  cooling,  but  also 
by  such  mechanical  processes  as  tend  to  condense  them  perma- 
nently, and  thus  increase  their  density.  Tiie  processes  of  stamp- 
ing coin,  of  wire-drawing,  of  rolling  out  metallic  plates,  and  of 
hammering,  are  all  evidently  of  this  nature.  This  change  is 
usually  called  hammer-hardening,  and  its  effects  are  the  same  on 
almost  all  ductile  bodies.  They  become  denser,  more  tenacious, 
harder,  more  brittle,  and  more  elastic.  All  these  effects  can  be 
removed  by  annealing ;  and  hence  the  necessity  of  continually 
reaunealing  the  metals,  during  tlie  processes  just  mentioned. 


Elasticity  of  Tension. 

91.  A  rectangular  iron  bar  2  m.  in  length,  and  whose  section  is  equal 
to  2  c  m.^,  is  suspended  by  its  upper  extremity  to  a  firm  support,  and  to 
its  lower  extremity  is  attached  a  weigbt  of  1,000  kilog.  How  much  is  it 
temporarily  elongated  by  the  strain,  when  the  temperature  is  IS"  ? 

92,  Aji  annealed  iron  wire  2  m.  m.  in  diameter  and  2,25  m.  in  length  is 
suspended  as  in  the  last  example.  How  much  weight  is  required  to  elon- 
gate it  0,25  m.  m.,  when  the  temperature  is  15°  ? 
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93.  A  silver  wire  0,75  m.  m.  in  diameter  and  5  m.  long  is  elongated  by 
a  ■vveit'ht  0.2-j  m.  m.     How  great  is  this  weight  when  the  temperature  is 

15"? 

Tenaciti/. 

94.  With  how  much  weight  in  kilogrammes  must  a  copper  wire  be 
loaded,  in  orcler  to  part  it,  when  the  diameter  of  the  wire  is  equal  to 
1  m.  m.  ?     Calculate  both  for  annealed  and  ucannealed  wire. 

95.  In  a  pendulum  experiment,  it  is  required  to  suspend  a  weight  of 
50  kilog.  by  a  copper  wire.  Wliat  must  be  the  diameter  of  the  wire, 
allowing  A  f'"'  security  beyond  the  diameter  absolutely  essential  ?  Cal- 
culate hoth  for  annealed  and  unannealed  wire. 

Collision  of  Perfectly  Elastic  Bodies. 

h  lliefiMoii,m(j  probhms  marhed  Willi  a{*),the  masses  and  ivkdties  of  iJie  (iro  baUs  are 
indicated  <»  described  in  ( 109 ) .  ■  Tfe  motion  is  firm  left  to  right.  «nkss  the  rm.se  .s  mA- 
cated  bs  a  negalioe  sign.  Si  racft  prMent  it  is  required  to  find  the  velocities  of  the  two  balls 
after  the  impact,  and  also  the  direction  of  the  molioii. 

•96.     M=&.       b  =  3m.       M'  =  17.       J)' =  I  m. 

*97.     Jf  =  10.     1)  =  5  m.       M'  =  20.       b'  =  2-5  m. 

*98.     M  =10.     b  —  10  m.     M'  =  100.     b'  =  0  m. 

*99.     jy-  =  20.     b  =  10  m.     Jlf'  =  10.       b' 5  m. 

*100.     J!f=15.     b  =  16m.     jlf'  =  10.       i}' 32  m. 

101.  A  ball  whose  mass  is  If,  wllli  a  velocity  b,  meets  a  second  ball 
movino-  in  the  same  direction,  whose  mass  is  M'.  What  must  be  the 
velocity  of  the  second  ball,  when  the  first  ball  remains  at  rest  after  the 
collision  ? 

102.  A  ball  strikes  on  a  plane  making  an  angle  of  incidence  equal  to 
60°.  What  will  be  the  angle  of  reflection  when,  in  consequence  of  the 
imperfection  of  the  elasticity  hoth  of  the  plane  and  the  body,  one  third  of 
the  vertical  velocity  is  lost  by  the  impact  ?  Solve  the  same  problem,  sup- 
posing that  one  fourth  of  the  velocity  is  lost 

103.  An  elastic  ball  falls  from  the  height  of  2  m.  How  high  wiU  it  re- 
hound,  supposing  that  one  fifth  of  the  final  velocity  is  lost  at  the  impact,  in 
consequence  of  imperfect  elastidty  ? 

104.  Two  perfectly  elastic  balls,  moving  in  the  same  plane,  meet  each 
other  obliquely.  The  angles  made  by  tlie  two  directions  of  their  motions 
with  the  line  n.  U(Fig.  206),  lying  in  the  same  plane  and  tangent  to  hoth 
balls  at  the  point  of  contact,  are  «  =  60"  and  ^  =  30°.  The  masses 
are  3/"  =  10  and  M'=  5  ;  the  velocities  are  b  =  2.5  and  V'  =  5.  It 
is  required  to  find  the  velocities  of  the  two  balls  after  colUsion,  and  the 
angles  which  the  directions  of  their  motions  make  with  the  given  line. 

105.  Solve  the  same  problem  for  the  following  values  :  — 

„  =  40^      ^  =  30°.      J^/  =  5.      M'  =  10.      b  =  4  m.      b'  =  6  m. 
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II.     OlIARACTEBISTIC    PkOPEETIES    OP    LlQUroS. 

(117.)  Mechanical  Condition  of  Liquids.  Fluidity.  —  The 
liquid  has  not,  like  the  solid  (79),  a  definite  form ;  but  it  takes 
the  form  of  the  vessel  in  which  it  is  placed.  Its  particles  are  in 
a  condition  of  equilibrium  between  the  attractive  and  repulsive 
forces  (78),  and  instead  of  being  bound  together,  as  in  a  solid, 
they  possess  a  perfect  freedom  of  motion  ;  and  under  the  influ- 
ence of  the  slightest  force,  they  move  among  each  other  without 
friction  and  without  disturbing  tlie  general  equilibrium.  This 
mechanical  condition  of  matter  is  termed  fluidity,  and  belongs 
both  to  liquids  and  gases.  Liquids  ai-e  not,  however,  perfect 
fluids,  for  there  always  exists  between  their  particles  a  certain 
"amount  of  adhesion,  owing  to  an  excess  of  attractive  force  which 
renders  them  more  or  less  viscous.  Between  an  almost  perfect 
fluid,  like  water,  and  a  condition  like  dough,  we  have  every  grade 
of  fluidity.  This  is  illustrated  by  the  well-known  series  of  or- 
ganic acids,  commencing  with  formic  acid  and  ending  with  me- 
lissic  acid.  The  series  consists  of  over  twenty  members,  and  pre- 
sents every  grade  of  condition.  Formic  acid  is  as  fluid  as  water ; 
but  as  we  descend  in  the  series,  the  numbers  are  found  to  be 
more  and  more  viscous,  becoming  first  oily,  then  soft  fats,  next 
hard  fats,  and  finally  solids,  like  was. 

(118.)  Elasticity  of  Liquids.  —  It  has  already  been  stated 
(76),  that  liquids  are  compressible,  and,  moreover,  that  they  re- 
sume exactly  their  original  volume  as  soon  as  tlic  pressure  by 
which  this  was  dimmished  is  removed.  It  follows  from  those 
facts,  that  liquids  are  perfectly  elastic,  and  tliat  this  elasticity  is 
unlimited  in  extent. 

In  the  early  experiments  on  compressibility  made  by  Oersted, 
it  was  assumed  that  the  capacity  of  the  bulb  A,  of  the  appara- 
tus already  described  (Fig.  214),  remained  invariable.  Tliis  as- 
sumption was  based  on  the  fact,  that  the  walls  of  this  reservoir 
were  equally  pressed  by  the  fliiid  on  both  sides.  It  is  easy, 
however,  to  see  that  this  assumption  is  incorrect ;  for  if  we 
suppose  the  interior  of  the  bulb  to  be  filled  with  solid  glass,  it  is 
■  evident  that  the  volume  of  the  interior  core,  and  hence  tliat  of 
the  bulb,  would  be  diminished  by  the  exact  amount  that  this 
glass  core  would  be  compressed  by  the  given  pressure.  In  such 
a  case,  the  pressure  on  the  exterior  surface  of  the  bulb  would  be 
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exactly  balanced  by  the  reaction  of  the  glass  core.  If,  now,  the 
place  of  tlio  glass  core  is  supplied  by  water,  tho  pressure  on  tlie 
exterior  surface  remaining  the  same,  it  is  evident  that  the  reac- 
tion of  the  water  core  must  be  exactly  the  same  as  that  exerted 
by  the  glass  core  ;  for  otherwise  the  law  of  action  and  reaction 
(41)  would  not  bo  obeyed.  The  conditions,  then,  with  respect  to 
the  bulb,  are  not  changed,  and  it  is  evident  that  its  volume  will 
be  just  as  much  reduced  when  lilled  with  water  as  when  filled 
with  glass  ;  that  is,  by  the  amount  to  which  a  glass  core  just  fill- 
ing it  would  be  compressed  by  the  given  force. 

It  follows  from  this,  that  the  apparent  condensation  of  any  fluid 
■under  a  given  pressure,  when  detei-mined  by  the  apparatus  repre- 
sented in  Pig.  214,  is  not  so  great  as  the 
real  condensation,  and  that  it  is  neces- 
sary to  correct  the  determinations  thus 
made  by  adding  to  the  observed  compres- 
sion an  amount  equil  to  the  compret 

1     ag         1  f       ■ 

corewl     I  w     li  j     t  fill  tl 
of  the  l   lb      Tl        n       t 

1     1  t  U        dat    f 


Fig.  sit. 

Eegu  U  and 
tions  for  the  compressibility  of  th 
forraulie  of  Wertheim.  He  ha  1  tud  d  tl 
variation  of  temperature  on  the  compressibility, ; 
influence  of  different  pressures.  The  most  important  results  ob- 
tained by  M.  Grassi  are  given  in  the  following  table.  In  every 
case,  the   numbers   expressing   the   compressibility  of  a   liqiiid 


d  by  Google 


THE   THEEB   STATES   OP    MATTER, 


indicate  the  fraction  of  its  volume  by  which  it  is  coiidcnsed  when 
submitted  to  a  pressure  of  one  atmosphere. 


TaUeofthe 

Coefficients  of  CompressiUIity.* 

Liquid. 

,_,... 

CompreaHbility. 

PreBaure  In  Atmos- 
phcieB,  from»hich 

Mercury,      .... 

0.0 

0.00000295 

Watei-,  ' .        .        . 

0.0 

0.0000503 

" 

1.5 

0.0000515 

"... 

4.1 

0.0000499 

•■ 

10.8 

0.0000480 

::       ■ 

i3.4 

18.0 

23.0 

0.0000477 
0. 00004 G 3 
0.0000460 
0.0000456 

"... 

34,5 

0,0000453 

43.0 

0.0000442 

53,0 

O.O0OO.I41 

Ether, 

0,0 
0,0 

13.8 

0.000 1 11 
0.000131 
0.000140 
0.000153 

3,408 
7.S20 
1.580 
8.362 

ElJijlic  Alcohol,  . 

7.3 

7.3 
13.1 
13.1 

0.0000S28 
0.0000853 
0.0000904 
0.0000991 

2.302 

.        9.450 

1.570 

8.97 

Melhylic  Alcoliol, 

13.5 

0,0000913 

Chloroform,      . 

' 

S,5 
12,0 

0.0000625 
0.0000648 

1.309 

" 

12,5 

0.0000763 

9.2 

In  the  case  of  water,  it  was  found  that  the  amount  of  condensa- 
tion was  proportional  to  the  pressure,  and  that  it  diminished 
when  tiie  temperature  was  increased.  On  the  otlier  hand,  it 
appeared  that  the  compressibihty  of  alcohol,  ether,  and  chloro- 
form increased  with  the  temperature,  and,  moreover,  tliat  the 
compressibility  of  these  fluids,  as  well  as  that  of  metliylic  ether, 
increased  with  the  pressure. 

M.  Grassi  also  made  experiments  on  tho  compressibility  of  sa- 
line solution,  and  found  that,  for  the  same  solution,  it  waa  as 
constant  as  that  of  pure  water,  and  that  it  diminished  when  the 
amount  of  salt  in  solution  was  increased. 


*  Annalcs  lie  Chimio  ct  de  Physique,  3'  Scric 
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Consequences  of  the  Mechanical  Condition  of  Liquids. 

(119.)  We  have  seen,  m  the  list  two  sections,  that  the  mole- 
cules of  a  liquid  are  in  a  condition  of  equilibrium,  and  also  that 
all  liquids  are  but  slightly  compressible  and  perfectly  elastic.  Of 
the  characteristic  properties  of  liquids,  we  shall  only  consider 
those  ■which  are  a  necessary  consequence  of  these  conditions. 
These  naturally  divide  therasehes  into  two  classes:  first,  those 
which  are  independent  of  the  action  of  gravity ;  and,  secondly, 
those  which  depend  upon  it. 

(120.)  Liquids  transmit  Pressure  in  all  Directions.  —  This 
most  important  quality  of  liquids  was  first  clearly  stated  by  Blaise 
Pascal,  in  the  following  tenus  :  Liquids  transmit  equally  in  all 
directions  a  pressure  exerted  at  any  point  of  their  mass. 

AVe  may  illustrate  what  is  meant  by  this  statement  of  Pascal,  . 
by  means  of  Fig.  215,  which  represents  the  section  of  a  vessel 
— wliich  may  be  of  any  shape — filled  with 
water,  on  the  sides  of  which  are  several  ,  » 

apertures  closed  by  movable  pistons.    Let      ^&^'   """  '  '~^ 
us  suppose  that  the  two  pistons  d  and  c      ^y  ^ 

present  the  same  surface ;   and,  further,  f  \ 

that  tlie  piston  a  presents  twice,  and  the  »,  ^ 

piston  i  five  times,  the  area  of  c.  If,  now,  ■vS,"  ■  n**!'  '*^ 
■we  press  in  the  piston  c  with  the  force  of 
one  kilogramme,  this  force  will  be  trans- 
mitted in  every  direction  to  the  sides  of  the  vessel,  and  every 
portion  of  the  interior  surface  whose  area  equals  that  of  the 
piston  will  be  pressed  upon  with  a  force  of  one  kilogramme ; 
the  piston  d  will  be  pressed  out  with  a  force  of  one  kilogramme ; 
the  piston  a,  with  a  force  of  two  kilogrammes;  the  piston  b, 
witli  a  force  of  five  kilogrammes.  And  so  will  it  be  with  any 
other  portion  of  surface,  either  on  the  side  of  the  vessel  or  im- 
mersed in  the  fluid ;  it  will  be  pressed  xipon  with  a  force  as  many 
times  greater  than  one  kilogramme,  as  it  is  itself  greater  than 
the  surface  of  the  piston  c. 

It  is  easy  to  see  that  this  is  a  necessary  consequence  of  the 
constitution  of  liquids.  Since  fluids  are  compressible  and  clastic, 
it  follows  that,  on  pressing  in  the  piston  d,  the  liquid  is  very 
slightly  condensed,  and  the  elasticity  of  compression  developed  in 
its  particles.     Each  particle  at  once  becomes  like  a  bent  spring. 
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and  presses  in  all  directions.  If  the  particle  is  in  tlie  midst  of 
the  fliiid  mass,  it  presses  against  the  neighboring  particles ;  if 
it  is  on  the  side  of  the  vessel,  it  presses  in  one  direction  against 
tlie  vessel,  but  in  all  others  against  similar  particles.  Since 
the  samo  is  true  of  every  particle,  it  follows  that  the  pressure  ex- 
erted by  the  condensed  liquid  against  any  two  surfaces  will  be 
proportional  to  the  number  of  particles  in  contact  with  these  sur- 
faces ;  and  as  tlie  particles  have  the  same  size,  it  will  also  be 
proportional  to  the  area  of  the  surface.  Hence  the  pistons  d  and 
c  will  be  pressed  out  each  by  the  same  force,  the  piston  ahj  a. 
force  twice  as  gi'eat,  and  the  piston  &  by  a  force  five  times  as 
great,  as  this.  Prom  the  principle  of  equality  between  action  and 
reaction,  it  follows  that  the  outward  pressure  on  the  piston  c  is 
exactly  equal  to  the  force  applied  to  press  it  in  ;  so  that,  if  this 
piston  is  pressed  in  with  a  force  of  one  kilogramme,  the  piston 
d  is  pressed  out  with  the  same  force,  the  piston  a  with  a  force  of 
two  kilogrammes,  etc. ;  which  was  the  proposition  to  be  proved. 

Representing  the  area  of  any  portion  of  the  interior  surface  of 
a  vessel  by  S,  and  that  of  any  other  portion  by  S' ;  representing 
also  by  S  and  £'  tlie  pressure  exerted  against  these  surfaces  by  a 
confined  liquid,  i"  consequence  of  any  compression  ;  we  have 

£:S-=S:S-.  [77.] 

Moreover,  it  is  evident  from  the  principle  involved,  that  this 
equation  is  tr\ic,  not  only  for  tho  surface  of  the  vessel  itself,  hut 
also  for  that  of  any  solid  immersed  in  the  compressed  liquid,  or 
for  any  section  of  liquid  particles  whatsoever  in  tlie  vessel. 

(121.)  The  line  indicating  the  direction  of  the  pressure  ex- 
erted hy  any  liquid  particle  against  tlie  surface  with  which  it  is 
in  contact,  is  always  a  perpendicular  to  this  surface  at  the  point 
of  contact.  If  the  surface  is  a  plane,  the  line  is  a  perpendicular 
to  this  plane ;  if  the  surface  is  curved,  the  line  is  a  normal  to  this 
curve.  The  trutli  of  this  principle  will  he  seen,  if  we  consider 
what  must  be  the  result  if  the  direction  of  the  pressure  were 
oblique.  It  is  evident  that  such  oblique  pressure  would  be  re- 
solved into  two  forces  (35),  one  perpendicular  to  tlie  surface,  and 
the  other  tangent  to  it.  The  second  component  could  of  course 
exert  no  pressure  against  the  surface ;  so  that  the  whole  pressure 
exerted  by  the  liquid  particle  would  he  that  of  the  first  compo- 
nent, which  is,  as  the  proposition  requires,  perpendicular  to  the 
surface  at  the  point  of  contact. 
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When  the  surface  is  plane,  the  directions  of  tlie  pressures  ex- 
erted by  the  particles  are  all  parallel.  It  is  then  always  possible, 
by  (39),  to  find  a  common  resultant  of  all  these  parallel  forces. 
The  point  of  application  of  this  resultant  is  called  the  centre  of 
pressure.  "When  the  pressures  exerted  by  the  separate  particles 
are  all  equal,  the  centre  of  pressure  is  always  the  centre  of  figure 
of  the  surface.  In  tlie  case  of  the  pistons  (Fig.  215),  the  centre 
of  pressure  is  in  each  one  the  centre  of  the  circular  base,  and  in 
studying  its  mechanical  effects  we  may  regard  all  the  pressure  as 
concentrated  at  that  point.  Were  the  base  of  the  piston  con- 
cave, then  the  directions  of  the  pressures  exerted  by  the  separate 
particles  would  no  longer  be  parallel ;  since  tlie  lines  indicating 
these  directions  would  diverge  from  the  centres  of  curvature. 
Compare  (60).  Moreover,  as  the  area  of  the  curved  surface  would 
be  greater  than  that  of  the  plane  surface,  it  is  evident  that  the 
total  amount  of  pressure  which  it  would  sustain  under  the  same 
circumstances  would  bo  greater ;  but  it  can  be  proved  that  the 
pressure  available  in  moving  the  piston  would  be  the  same  as 
before.  For  tliis  purpose,  it  is  only  necessary  to  decompose  the 
pressure  exerted  by  each  particle  into  two  forces,  one  acting  in  a 
direction  which  is  parallel  to  the  axis  of  the  cylinder,  and  the 
other  at  right  angles  to  this  direction.  The  forces  acting  parallel 
to  the  axis  of  the  piston  are  obviously  the  only  ones  which  are 
available  in  moving  it ;  and  the  sum  of  these  forces  will  be  found 
to  be  the  same  as  the  total  pressure  wluch  would  be  exerted  if 
the  base  of  the  cylinder  were  a  plane. 

(122.)  Hydrostatic  Press.  — This  most  beautiful  application 
of  the  equality  of  pressure  was  conceived  by  Pascal ;  but  the 
difficulty  of  avoiding  the  escape  of  water 
from  the  joints  of  pistons  prevented  him 
from  realizing  liis  conception,  and  the 
]iress  was  first  constructed  by  Bramah,  in 
1796,  at  London. 

It  is  perfectly  evident  that  the  principle 
of  equality  of  pressures  deduced  in  the 
last  section  is  entirely  independent  of  the 
form  of  the  vessel,  and  we  may  tlierefore 
give  to  the  vessel  the  form  of  Pig.  216,  in 
which  the  area  of  the  piston  bc\.&  twenty  times  as  large  as  that 
of  the  piston  a.     Hence  it  follows,  that,  if  wc  press  in  the  pis- 
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toil  a  witU  a  force  of  five  kilogrammes,  the  piatou  b  wili  be 
forced  out  witli  twenty  times  as  much  force,  or  one  hundred  Icilo- 
grammes  ;  and,  on  tlie  otlier  hand,  if  we  press  in  the  piston  b  c 
with  a  force  of  one  hundred  kilogrammes,  tlie  piston  a  will  be 
forced  out  with  a  force  of  only  five  kilogrammes.  It  is  evidently 
unimportant  that  the  connection  between  the  piston  should  he  so 
direct  as  in  Fig.  216.  If  it  is  effected  by  a  long  and  narrow  tube, 
the  principle  will  still  hold  true,  provided  only  that  the  joints  are 
tight  and  the  material  of  the  vessel  unyielding. 

The  hydrostatic  press,  which  is  used  in  the  arts  for  producing 
great  pressure,  is  only  a  modification  of  the  apparatus  represeiitcd 
by  the  diagram,  Fig.  216.  One  of  the  most  usual  forms  of  this 
machine  is  represented  in  perspective  by  Fig.  217,  and  in  section 


by  Fig  218  The  simepiitsaie  lettered  ihke  on  the  two  figures. 
It  consists  of  two  cjlmders,  A  and  B,  connected  togctlier  by  a  tube, 
K.  In  the  larger  cylinder  moves  the  large  piston  P,  which  is 
made  in  the  form  of  a  plunger,  touching  the  walls  of  the  cylinder 
only  at  the  top,  where  it  passes  through  a  water-tight  packing. 
On  the  top  of  this  piston  is  a  platform,  which  rises  and  falls  with 
19* 


d  by  Google 


CHEMICAL   PHYSICS. 


it,  and  the  articles  to  be  submitted  to  pressure  are  placed  between 
this  and  a  second  platform,  Q,  which  is  firmly  fastened  to  the 
floor  by  means  of  four  iron  columns,  which  also  serve  to  guide 
the  motion  of  the  lower  platform.     The  small  piston  p  is  con- 


structed PvaUlj  like  the  lii(,<-i,  and  is  moved  up  and  down  in 
the  cylindei  bj  the  pump  handle  M.  Tho  small  cylinder  acts 
as  a  force  pump  It  connects  with  a  reservoir  of  water  below 
by  means  of  i  tube  teimmating  with  a  rose,  a.  This  tube  is 
guarded  by  a  valve,  c,  which  allows  the  water  to  flow  up  into  the 
pump,  but  not  in  the  reverse  direction.  It  is  evident  from  this  de- 
scription, that,  on  worting  the  handle  M,  water  will  be  alternately 
sucked  up  from  the  reservoir  and  forced  into  the  large  cylinder 
B,  through  the  pipe  K,  from  which  it  is  prevented  from  returning 
by  a  valve  at  o.  The  large  piston  wiU  thus  be  forced  up  by  a  pres- 
sure which  wiU  be  as  much  greater  than  that  exerted  on  the  small 
piston  as  the  area  of  its  section  is  greater.  If,  for  example,  it  is 
a  hundred  times  as  large,  it  will  be  pressed  up  with  a  force  one 
hundred  times  greater  than  that  exerted  on  p.  This  force  can 
be  so  much  increased  by  the  lever  M,  that  a  man  can  easily  exert 
a  downward  pressure  of  150  kilogrammes  on  p,  and  the  piston  P 
will  then  be  pressed  up  with  a  force  equal  to  15,000  kilogi-ammcs. 
It  must  be  noticed,  however,  that  the  piston  P  will  rise  very 
slowly,  and  as  much  more  slowly  than  the  motion  o?  p  as  the  area 
of  its  section  is  greater.  This  is  in  accordance  with  a  well-known 
principle  of  mechanics,  which  is  true  of  all  machines,  tliat  what  is 
gained  in  force  is  lost  in  velocity  (or  extent  of  motion).  In  the 
present  case,  in  order  to  raise  the  piston  P  one  metre  under  a  force 
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of  15,000  kilogrammes,  it  is  necessary  to  push  down  the  piston  p 
through  one  hundred  metres  with  a  force  of  150  Itilogrammes. 
This  is  accomplished  by  repeated  motions  of  the  handle  M. 

The  tube  K  is  furnished  with  a  safety-valve,  t  (Fig.  218),  kept 
in  place,  by  a  weight  acting  on  it  through  a  lever  (Fig.  217). 
There  is  also  a  valve-cock  at  r,  by  which  the  water  in  the  cylinder 
B  may  be  vented  into  the  reservoir  R,  in  order  \a  lower  the  pis- 
ton ;  and,  lastly,  a  third  valve-cock,  by  which  the  communication 
between  the  cylinders  may  be  closed  when  it  is  desirable  to  keep 
tlie  articles  under  pressure  for  some  time.  The  peculiar  form  of 
the  packing  at  n  is  also  deserving  of  notice.  It  is  made  of  thick 
leather  saturated  with  oil,  in  the  form  of  an  invei"ted  U,  and 
the  more  the  water  is  compressed,  the  more  firmly  the  leather  is 
pressed  against  the  sides  of  the  cylinder  and  piston. 

The  hydraulic  press  is  applied  in  the  arts  for  a  great  variety  of 
purposes,  such  as  packing  dry  goods  in  bales,  pressing  out  printed 
sheets,  extracting  oil  from  grains,  and  testing  steam-boilers.  It 
was  also  used  for  raising  the  iron  tubes  of  the  Britannia  Bridge 
over  the  Menai  Strait. 

(123.)  Pressure  exerted  by  Liquids  in  Consequence  of  their 
Weight.  —  In  the  first  place,  let  us  consider  what  will  be  the 
pressure  exerted  by  a  liquid  on  the  bottom 
of  the  containing  vessel.  Let  arm.  Fig.  219, 
be  a  conical  vessel,  which  we  will  suppose  filled 
with  water  to  the  point  o.  Let  us  suppose 
the  liquid  to  be  divided  into  a  number  of 
strata  by  the  planes  be,  e  d,  ig,  pw, which 
we  may  take  as  thin  as  we  wish,  and  only 
consider  in  each  stratum  the  cylindrical  mass 
.enclosed  in  dotted  lines.  It  is  now  evi- 
dent that  the  pressure  exerted  by  each  cylindrical  mass  on  its 
own  base  will  be  equal  to  its  own  weight.  Then,  from  the  prin- 
ciple of  Pascal,  the  pressure  exerted  by  the  weight  of  the  first 
mass  will  be  transmitted  to  the  whole  section  b  c,  so  that  this  will 
have  to  support  a  pressure  as  much  greater  than  the  weight  of  the 
first  mass  as  tlie  area  of  this  section  is  greater  than  the  area  of  the 
base  of  the  first  cylinder.  Hence  it  follows,  that  it  will  support 
a  pressure  equal  to  the  weight  of  a  column  of  water  whose  base 
equals  b  c,  and  whose  height  is  that  of  the  first  cylinder.  This 
pressure  will  then  be  added  to  the  weight  of  the  second  cylinder, 
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which,  on  tho  same  principle,  will  be  transmitted  to  the  whole 
section  c  d ;  and  hence  the  resulting  pressure  exerted  on  the  sec- 
tion e  (Z  13  equal  to  the  weight  of  a  column  of  watei  whose  base 
equals  this  section,  and  -nhose  heiglit  equals  the  sum  of  the 
heights  of  the  fiibt  ind  second  eylindeis  The  same  couise  of 
reiaoning  may  be  e\tendcd  to  the  sections  a^,  pn,  and  also  to 
the  base,  r  m  Hence  the  piessuie  on  the  bise,  j  m,  la  equal  to 
the  weight  of  i  column  of  water  -tthosp  1  aae  equals  this  base, 
and  whose  height  equals  the  sum  of  the  heights  of  all  tho  e}lm 
ders,  01  0  m 

This  demonstration  is  evidentlj  independent  of  the  number  of 
stiata  and  must  tlierefore  hold  when  this  numbei  ii  infinite  and 
the  vessel  conical  It  is  also  evident  that  it  is  independent  of  the 
form  of  the  vessel.  It  would  hold  iS  the  vessel,  remaining  conical, 
were  placed  in  an  inverted  position,  or  for  a  vessel  of  any  shape 
whatsoever.  "We  may  therefore  conclude,  as  the  general  result 
of  this  discussion,  that  the  pressure  exerted  by  a  liquid  on  the 
horizontal  base  of  the  containing  vessel  is  equal  to  the  weight  of 
a  colwmn  of  this  liquid  whose  base  equals  the  base  of  the  vessel, 
and  whose  height  equals  the  depth  of  the  liquid  in  the  vessel. 

The  fact,  that  the  pi-essure  exerted  by  a  liquid  on  tlie  bottom  of 
the  vessel  containing  it  is  independent  of  the  form  of  the  vessel, 
may  be  demonstrated  experimentally  by  means  of  the  apparatus 
represented  in  Fig.  220,  which  was  invented  by  Haldat,  and  is 
known  by  his  liame.  It  consists  of  a  bent  glass  tube,  ABC,  ai 
one  end  of  which,  A,  is  a  brass  cap,  to  which  may  be  screwed  either 
of  the  glass  vessels  Jlfand  P.  Tiiere  is  also  a  cock  by  which  the 
liquid  in  the  vessel  may  be  drawn  off.  In  order  to  make  the  ex- 
periment, we  fill  the  bent  tube  with  mercury,  and  then  screw  into 
its  place  the  larger  of  the  two  vessels,  which  we  fill  with  water. 
This  presses  up  the  mercury  in  the  branch  C,  and  we  mark  the 
level  to  which  it  rises  by  means  of  the  ring  a.  We  also  mark  the 
level  of  the  water  in  the  vessel  by  means  of  the  index-rod  c,  which 
we  push  down  until  it  just  touches  the  surface.  We  then  draw  off 
the  water,  and,  having  replaced  the  vessel  M  by  the  smaller  ves- 
sel P,  we  fill  this  with  water  to  the  same  height  as  marked  by  the 
index,  when  we  find  that  the  mercury  rises  in  tho  branch  C  to 
precisely  the  same  level  as  before.  As  the  effect  produced  by  the 
pressure  of  the  water  in  the  two  cases  is  the  same,  we  have  a 
right  to  conclude  that  the  two  pressures  are  equal.     This  prcs- 
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sure,  tliLii  IS  independent  of  the  form  of  the  vessel  or  of  tlie 
quantity  of  w^tei  ,  and,  since  the  base  of  the  vessel  is  the  same  in 
both  cases,  (that  is,  the  surface  of  the  mercury  in  the  tube  A,} 
and  the  height  of  the  liquid  also  the  same,  it  is  evident  that  the 
equality  of  pressure  is  a  necessary  result  of  the  principle  before 
proved. 

(124.)  Upward  Pressure.  —  If  we 
consider  any  given  section  of  liquid, 
aspn,  Fig.  219,  it  is  evident  that  the 
particles  on  this  section  are  com- 
pressed by  the  weight  of  the  liquid 
above  them,  and  hence  must  be  ex- 
erting pressure  in  every  direction, 
and  just  as  much  upward  .pressure 
as  downward  pressure.  If,  then,  we 
immerse  in  the  liquid  a  cylindrical 
body,  such  as  c  d,  Pig.  221,  it  is  plain 
that  the  particles  of  water  in  contact 
with  the  base,  d,  of  the  cylinder,  be- 
ing in  a  compressed  condition,  must 
exert  an  upward  pressure  on  the  base 
of  the  cylinder  equal  to  the  pressure 
they  exert   on   the   section  of  liquid  next  below  them. 


This 


d  by  Google 


226 


CHEMICAL  PHYSICa. 


pressure,  by  the  last  section,  is  equal  to  the  weight  of  a  column 
of  liquid  having  the  same  base  as  tlie  cylinder,  and  having  a 
lieiglit  eqiial  to  tlie  depth  of  the  section  below  the  surface  of  the 
liquid. 

(125.)  Pressure  on  the  Sides  of  a  Vessel. — This  same  course 
of  reasoning  may  also  be  extended  to  the  pressure  exerted  by  a 
liquid  agaiust  the  sides  of  tho  containing  vessel.  It  is  evident,  for 
example,  that  the  particles  of  the  liquid  in  contact  witli  the 
piston  b,  Fig.  221,  are  in  a  state  of 
tension  caiised  by  the  pressure  of 
tlie  weight  of  liquid  above  them. 
They  are  therefore  exerting  pressure 
in  all  directions,  and  hence  also  against 
the  surface  of  the  piston  in  directions 
which  arc  perpendicular  to  that  sur- 
face. Now  the  pressure  of  any  one 
particle  is,  by  the  principle  of  (123),  ■ 
equal  to  the  weight  of  a  column 
of  similar  particles  whose  height  is 
equal  to  the  depth  of  this  particle  be- 
low the  surface.  And  since  the  total 
pre^ure  against  the  piston  is  equal  to 
the  sum  of  the  pressures  of  the  sep- 
arate particles,  it  follows  that  the  total 
pressure  is  equal  to  the  weight  of  a 
column  of  liquid,  the  area  of  whose  base  is  equal  to  the  area  of  the 
surface  of  the  piston,  and  whose  height  is  equal  to  the  mean  depth 
of  the  various  particles  below  the  surface.  This  mean  depth,  in 
the  example  under  consideration,  is  evidently  the  depth  of  the 
centre  of  the  piston,  and  hence  e  §■  is  a  column  of  liquid  whose 
weight  is  equal  to  the  pressure.  In  the  same  way,  the  pressure 
against  the  piston   a  is  equal  to  the  column  represented  by  h  i. 

It  is  easy  to  extend  this  demonstration  to  any  portion  of  the 
sides  of  a  vessel,  whether  plane  or  cui-vcd.  It  can  also  easily  be 
proved  that  the  mean  depth  of  the  various  particles  of  liquid  in 
contact  with  any  surface  is  in  every  case  equal  to  the  depth  of  the 
centre  of  gravity  of  these  particles. 

Were  the  pressure  exerted  by  each  of  the  particles  of  water  in 
contact  with  the  piston  (Fig.  221)  tlie  same,  the  centre  of  pres- 
sure (121)  would,  as  in  Fig.  215,  coincide  with  the  centre  of 
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figure.      This,  lio  not   tl  o   c^se  ;   the   particles  below 

the  level  of  the  c  t  e  of  the  p  &to  heiiig  at  a  greater  depth, 
oxert  a  greater   p  e  tha     tl  ose  above  this  level.     Hence 

the  point  of  appl  cat  of  tl  e  p  rillel  forces  which  they  ex- 
ert, (l5ciiig  near  t  t  tl  e  g  eate  fo  ces  [20],)  insist  be  below 
the  centre  of  figu  o  I  anj  a  n  1  case,  the  position  of  the 
centre  of  pressu  f  s  1  elo  v  tl  e  ce  tr  of  gravity  of  the  particles 
composing  the  se  t  on  aga  n  t  wl  cl  the  pressure  is  exerted,  and 
it  can  always  bo  fou  1  bj  calcul'it  on  hen  the  form  of  the  sur- 
face is  known. 

(126.)  Generalizaiion.  —  The  separate  results  at  which  we 
have  arrived  in  the  last  three  sections  may  be  generalized  as  fol- 
lows: The  pressure  exerted  by  a  liquid  on  any  section  whatso- 
ever is  equal  to  the  weight  of  a  column  of  the  liquid,  the  area  of 
whose  base  is  equal  to  the  area  of  the  section,  and  whose  height 
is  equal  to  the  depth  of  the  centre  of  gravity  of  the  section  below 
the  surface  of  the  liquid. 

(127.)  The  pressures  exerted  by  two  liquids  on  equal  sections 
at  equal  depths  are  proportional  to  the  specif  c  gravities  of  these 
liquids.  It  follows,  from  the  last  section,  tliat  the  two  prrasiires 
are  equal  to  the  weights  of  equal  columns  —  and  hence  of  equal 
volumes  —  of  the  two  liquids.  But  it  follows  from  (69),  that 
the  weights  of  equal  volumes  of  two  liquids  are  to  each  other  as 
their  specific  gravities,  and  hence  the  pressures  exerted  by 
them  on  equal  sections  at  equal  depths  must  bo  in  the  same  pro- 
portion. 

If  we  represent  by  S  the  area  of  any  section  in  square  cen- 
timetres, by  if  the  depth  of  the  centre  of  gravity  in  centimetres, 
we  have,  by  geometry,  for  the  volume  of  the  column  of  liquid 
whose  weight  represents  the  pressure,  V^=H.  S,  in  which  V 
stands  for  a  certain  number  of  cubic  centimetres.  But  we  know 
by  [56],  that  Wt^  V.  Sp.  Gr.,  and  hence,  if  we  represent  the 
pressure  exerted  on  any  section  by  JT,  we  have 

S=W=B.  S.CSp.Gr.-)  [78.] 

For  any  other  section,  having  the  same  area  and  at  the  same 
depth,  we  have 

p  =  s.  s.(Sp.ar.y;  [79.] 

and,  comparing, 

t  :  ir'=  (Sp.Gr.)  ;  (Sp.Or.y.  [80.] 
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(128.)  Hydrostatic  Paradox.  —  It  is  evident  from  (128),  that 
the  pressure  of  a  liquid  on  the  bottom  of  the  containing  vessel 
may  be  very  mut.h  gieatei  thin  the  weight 
ot  liquil  ifc  coitims  Poi  example  the 
pie  uie  ot  the  liqml  on  the  1  ottom  of  the 
1  us&el  DC  F  g  111  IS  the  same  as  if  its 
d  amctct  weie  eqinl  tl  loiigliotit  to  that  ot 
tht.  lowei  pait  and  fiom  thit.  it  would  seem 
to  follow  tint,  if  the  -vobsel  were  plit.ed  in 
the  pan  of  i  balance  ill  N  it  ou^ht  to 
puluLe  tho  same  eflict  is  a  cjlmdncal 
\e  st,l  ot  the  same  weight  contammg  the 
same  heigiit  ol  watt-r  and  having  thiough 
^'K  ^  out  the  diameter  of  tho  pirt  D      But  it  has 

been  shown  that  the  liquid  \  lessLb  on  the  walls  w  o  is  well  is  on 
the  bottom  and  smce  this  pie  ■^uie  is  in  an  upwaid  direction  it 
will  tend  to  make  the  vessel  use  while  the  piu  me  on  the  hot 
torn  t<.nd&  to  m  ike  it  fill  ihe  diffeience  of  these  U  o  pre  suies 
IS  ill  that  IS  exerted  on  the  pin  of  tht,  1  ilince  ii  d  this  m  eveiy 
case  IS  jii  t  equal  to  the  weight  of  the  vesstl  ind  thit  ot  tho 
hqui  1  which  it  contiins 

This  fact  IS  usually  called  the  Eydiostatic  Payadir  It  is, 
however,  evidently  no  paradox,  but  only  a  necessary  consequence 
of  the  mechanical  condition  of  liquid  matter. 

Equilibrium  of  Liquids. 

(129.)  In  order  that  there  should  be  a  condition  of  equi- 
librium in  a  liquid  mass,  it  is  essential  that  each  particle  of  the 
liquid  should  be  pressed  on  all  sides  equally.  This  principle  — 
the  first  statement  of  which  is  attributed  to  Archimedes  —  is  a 
necessary  consequence  of  tho  mobility  of  liquid  particles.  For, 
suppose  that  any  one  particle  were  not  pressed  on  all  sides  equal- 
ly, it  is  evident  that,  being  free  to  move,  it  must  move  in  the 
direction  of  the  greatest  pressure,  and  there  would  not  be  an 
equilibrium  (28). 

When  a  liquid  mass  under  the  influence  of  gravity  is  sup- 
ported in  a  vessel,  it  is  essential,  in  order  that  each  particle  may 
be  pressed  on  all  sides  equally  (in  other  words,  in  order  that 
there  maybe  a  condition  of  equilibrium),  that  two  conditions 
should  be  fulfilled,  which  wo  will  now  consider. 
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1  Tie  fiij  cp  of  the  bjud  nubt  be  perpendin  lar  at  each 
jontfoihe  inectioi  of  grciUy  that  is  to  soy,  it  mvU  be  hon 
"o  ital 

To  pio-vc  ting   let  us  suppose  that  the  sutface  of  the  liquid 
lias  any  other  foiin    as  in  Fig   22j      It  is  then  evident    that 
the  toice  of  gii^ity  actin^,  on  luj  jirtiUe, 
m  inl  rej  resented  by  tlio  line  mp  <^A),    ^I>-  f5 

will  be  decomposed  into  two  others  (o5)      ^^ 
One  of  the=!e    lepreseiited  by  ti  q  is  noi      ^5 
m'd  to  the  suiface  it  the  pouit  m   and      ^^ 
being   balannei  ly  the  lesistanee  of  the  ^ 

fluid  particks  would  not  cause  motion  The  second  compo- 
nent IS  tingeut  to  the  suiface  and  not  lemg  1  alanced  tends  to 
move  the  particle'^  in  the  direction  m  f  Hfiice  uiidei  these 
cit eumstances  theie  could  not  be  an  equihbimm  If  howe'ver 
the  sulfite  is  hoiizontal  the  teiidencj  of  the  foice  of  giavity  la 
solely  to  sink  the  paitiele  under  the  suiface  and  since  all  the 
paiticles  at  the  suifice  ire  solicited  equally  by  this  foice,  the 
equilibrium  is  m'untamed 

It  follows  fiom  this  that  tliP  smficeof  still -water  is  horizontal 
when,  its  extent  is  so  limited  tint  we  can  regaid  the  dnections  of 
the  foice^  of  giivity  as  all  ].irallpl  (^44)  buch  is  not,  ho^evei, 
the  case  with  the  surface  of  the  ocean  when  at  rest,  or  of  a  large 
sea.  For  since  this  surface  must  be  perpendicular  at  every  point 
to  the  plumb-line,  and  since  all  plumb-lines,  if  extended,  pass  ap- 
proximatively  through  the  centre  of  the  earth,  it  follows  that  the 
surface  must  be  sensibly  spherical  (60). 

The  principle  just  illustrated  is  only  a  particular  case  of  a 
more  extended  principle,  which  may  be  thus  stated  :  — 

■  When  a  liquid  mass  is  in  equilibrium,  the  resultant  of  all  the 
forces^  acting  at  any  point  of  its  surface  is  normal  to  the  surface 
ai  that  point. 

2.  The  pressure  must  be  equal  over  the  whole  surface  of 
any  horizontal  section.  The  necessity  of  this  condition  is  easily 
shown.  For  suppose  this  not  to  be  the  case,  then  there  must  bo 
somewhere  on  the  same  horizontal  section  —  for  example,  p  n. 
Fig.  219  —  two  adjacent  particles  which  are  not  equally  pressed 
by  the  superincumbent  liquid.  But  two  such  particles  must  ex- 
ert, in  consequence  of  their  elasticity,  an  unequal  pressure  on 
each  other,  a  condition  which  is  evidently  not  consistent  with  a 
state  of  equilibrium. 
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At  the  surface  of  a  liquid  the  pressure  must  be  everywhere 
aero,  and  hence,  in  a  state  of  equilibrium,  tlie  surface  must  be 
horizontal ;  so  that  the  first  condition  may  be  regarded  as  a 
special  case  of  the  last. 

This  condition  is  also  a  pai'ticular  case  of  a  general  principle, 
which  may  be  thus  stated :  — 

Any  liquid  mass  in  equilibrium  may  be  regarded  as  consistivg 
of  an  infinite  number  of  laminee,  normal  at  each  point  of  their 
surface  to  the  resultant  of  all  the  forces  which  act  at  this  point, 
and  sustaining  at  every  point  exactly  the  same  pressure. 

It  is  a  consequence  of  this  principle,  that  any  liquid  mass,  which 
is  not  acted  upon  by  external  forces,  will  take  the  form  of  a  sphere 
in  consequence  of  the  mutual  attraction  of  its  own  particles.  In 
this  case,  the  infinitely  thin  laminse  are  concentric  spherical  sur- 
faces, and  the  resultant  of  all  the  forces  actmg  on  any  particle 
in  every  case  passes  through  the  centre  of  the  sphere,  and  is  nor- 
mal to  the  spherical  surface  on  which  the  point  is  situated.  By 
no  other  form  than  the  sphere  would  tlie  conditions  of  equilibrium 
be  satisfied. 

Observation  confirms  tliis  result  of  theory.  Drops  of  water  or 
mercury,  so  small  as  not  to  be  sensibly  deformed  by  their  own 
weight,  take  a  spherical  form  when  placed  on  surfaces  they  do 
not  wet.  The  rain-drop  also  is  splierical,  and  in  like  manner  the 
drops  of  melted  lead  become  spherical  while  falling  in  the  sboir 
towers.  But  the  theory  is  still  more  beautifully  illustrated  by  an 
experiment  devised  by  Plateau. 

By  mixing  alcohol  and  water,  a  liquid  can  be  obtained  having 
the  same  density  as  oil.  If,  now,  we  add  drops  of  oil  to  the  liquid, 
these  drops,  as  we  shall  soon  see,  are  in  the  same  condition  as 
if  they  had  no  weight,  and  in  conformity  with  the  theory  take 
a  spherical  form.  By  carefully  introducing  the  oil,  a  sphere  of 
considerable  size  can  be  formed,  suspended  in  the  alcoholic  fluid. 
Plateau  succeeded  in  giving  to  this  liquid  sphere  a  i-otation  by 
means  of  very  simple  machinery,  and  found  that,  by  regulating 
the  velocity,  he  could  cause  it  to  become  flattened  at  the  poles,  to 
throw  off  rings  and  satellites,  and  thus  in  various  ways  illustrate 
the  nebular  hypothesis  of  Laplace. 

(130.)  A  liquid  when  in  equilibrium  always  maintains  the 
same  level  in  vessels  communicating'  tvitli  each  other.  —  This  fa- 
miliar fact  is  illustrated  by  Fig.  224,  which  represents  four  ves- 
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scls,  A,  B,  C,  D,  communicating  through  the  tube  mn,  in  all  of 
which  the  liquid  stands  at  the  same  level.     That  this  must  neces- 
sarily be  the  case,  is  easily  shown.     Consider  any  vertical  section 
in  the  tube  mn,  separating  the 
liquid  in  D  from  that  in  C, 
and  let  us  denote  the  area  of 
its  surface  by  S.    Now  it  is 
evident  that  this  section  can  be 
in  equilibrium  only  when  the 
pressures  on  its  two  faces  are 
equal.     The  pressure   on  the 
face  towards   D  is,   by  [78], 
S=S .  H.CSp.Gr.'),  in  which  ~i" 

Hm  the  depth  of  the  centre  of  igrfe 

gravity  of  the  section  below  the  '^^ 

level  of  the  liquid  in  Z>.    Tlic  ^      ^ 

pressure  on  the  face  towards  C 

is,  in  like  manner,  £  =^  S  .  H'  .  (Sp.  Gr.),  in  which  H'  equals 
the  depth  of  tlie  centre  of  gravity  below  the  level  of  the  liquid 
in  C.  Since  these  two  pressures  are  equal  when  there  is  an 
eqiiJlibrium,  it  follows  that  ir;=  if',  which  demonstrates  the  prin- 
ciple in  question. 

("1"!  ")  When  two  vessels  communicating  together  are  filled 
with  diffeient  liquid  which  will  not  mix  or  combine  chemically 
with  each  other,  the  heights  of  the 
two  liquid  columns  when  in  equi- 
librium are  inversely  proportional 
to  the  specific  gravities  of  the 
liquids.  This  principle  may  be  il- 
lustrated by  means  of  the  apparatus 
represented  in  Fig.  225.  It  consists 
of  two  tubes,  m  and  w,  connected 
together  by  a  smaller  tube  below. 
The  lower  portion  of  both  tubes  is 
filled  with  mercury,  and  on  the 
surface  of  the  mercury  in  the  tube 
n  rests  a  column  of  water,  A  B.  If 
now  we  conceive  a  horizontal  line, 
B  C,  drawn  across  the  apparatus 
from  tlio  surface  of  the  mercury  at  B,  it  is  evident,  from  the 
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last  section,  that  the  liquid  hclow  this  line  is  in  equilibrium ; 
and  hence  it  follows,  that  tlie  column  of  water  B  A  is  just  bal- 
anced by  the  column  of  mercury  D  C.  On  measuring  these  two 
heights,  it  will  be  found  that  D  C  is  thirteen  and  a  half  times 
smaller  than  A  B  ;  and  by  referring  to  the  table  of  specific  grav- 
ities, it  will  be  found  that  the  specific  gravity  of  mercury  is  thir- 
teen and  a  half  times  greater  than  that  of  water ;  or,  in  other  words, 
the  heights  are  inversely  proportional  to  the  specific  gravities. 

The  truth  of  this  principle  can  easily  be  proved.  If  we 
represent  the  surface  of  the  mercury  at  B  by  S,  and  tlie 
height  of  the  column  of  water  £  J.  by  i?,  the  specific  gravity  of 
water  by  Sp.Gr.,  then  by  [78]  the  pressure  on  the  surface  is 
£  =  S  .  H .  (^Sp.Gr.').  In  the  same  way,  the  pressure  of  the 
column  of  mercury,  C  D,\B  £'  =  S  .  H'  .  (^Sp.  Gr.)',  where  S  is 
the  area  of  the  section  at  C,  H'  the  height  of  the  column  C  J), 
and  ( 1^.  Gr.y  the  specific  gravity  of  the  mercury.  Now,  it  fol- 
lows from  (120),  that  there  can  be  an  equilibrium  only  when  the 
pressures  exerted  on  the  two  surfaces  at  B  and  C  are  proportional 
to  the  area  of  these  surfaces,  or  when  f  :  f  :=  S:  S'.  Substi- 
tuting the  value  of  £  and  £',  we  find  that  when  this  is  the  case, 

H.  (Sp.Gr.)  =  H'  .  {Sp.Gr. y, 
or  [81.] 

H:  ir  =  (Sp.Gr.y  :  (Sp-Gr.). 

Hence,  there  can  be  an  equilibrium  only  where  the  heights  of  the 
two  columns  are  inversely  as  the  specific  gravities  of  the  liquids. 
(132.)  Spirit^Level.  —  We  have  seen  that  the  surface  of  a 
liquid  at  rest  is  always  horizontal,  that  is  to  say,  perpendicular  to 
the  direction  of  gravity. 
"We  have,  therefore,  in 
this  fact  a  ready  means 
of  determining  the  hor- 
izontal plane.   The  spir- 
it-level, which  is  used 
for   this    purpose,  con- 
sists of  a  tube  of  glass 
(Fig.  226)  very  slightly 
curved,  and  filled  with 
alcohol,*  leaving  only  a 

t!ie  lowest  temperfttures. 
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small  bulb  of  air,  which  always  tends  to  occupy  the  highest  part. 
The  tube  is  hermetically  sealed,  and  mounted  on  a  brass  or 
wooden  stand,  D  C,  Fig.  227,  tlie  base  of  wlucli  is  carefully  ad- 
justed, so  tliat  when  it  rests  on  a  horizontal  plane,  P,  the  air- 
bubble,  M,  shall  rest  just  at  the  middle  of  the  tube. 

(133.)  Artesian.  Wells.  —  The  tendency  of  water  to  seek  its 
own  level  is  illustrated  by  all  seas,  lakes,  springs,  and  rivers, 
which  are  so  many  vessels  connecting  with  each  other.  One  of 
the  most  remarkable  of  this  class  of  illustrations  is  the  Artesian 
well,  named  from  the  old  province  of  Artois,  in  France,  where 
the'ie  wells  were  iii^t  made  They  are  narrow  tubes  sunk  in  the 
earth  to  vaiious  depths,  m  which  the  water  freiiuently  uses  many 
feet  above  the  surf  ice  of  the  gioimd 

The  principle  of  the  Arteaian  well  is  illu<itrated  by  Fig  228. 
The  ciuht  of  oui   globe  is  formed   of  numeions  stiata,  some 


of  which  are  permeable  to  water,  like  sand  and  gravel,  while 
others,  such  as  clay,  are  impermeable.  Let  us  suppose,  then, 
that  in  a  geological  basin  we  have  an  alternation  of  such  strata, 
for  example,  two  beds  of  clay-rock,  A  and  B,  enclosing  a  bed 
of  some  permeable  material,  M,  as  sand ;  and  let  us  also  suppose 
that  the  sand  bed  comes 
to  the  surface  at  some 
higher  level  (Fig.  229), 
■where  it  will  receive  the  Ju^^* 

rain-water.     This  water      gp*"^ 
will  filter  through  the      '~-^^^^.    ^^ 
sand  and  collect  under 
the  geographical  biMii, 

without  being  able  to  ii^e  fo  the  suifT,ce,  on  account  of  the  clay 
bed  A.     But  if  we  smk   i  tube  thiough  this  bed,  it  is  evident 
20" 
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that  tliG  water  ■will  rise  to  a  heiglit  as  much  atioTC  the  soil  as  is 
tlie  level  at  which  it  stands  in  the  peculiar  reservoir  formed  by 
the  clay  beds. 

These  wells  are  sunk  with  a  peculiar  form  of  auger,  which  is 
worked  witliin  an  iron  tube,  the  tube  be- 
ing driven  down  as  fast  as  the  auger  de- 
scends. One  of  the  most  remarkable  of 
these  wells  is  tliat  of  Crenelle,  on  tlie  out- 
skirts of  Paris.  It  is  548  metres  deep, 
and  yields  3,000  litres  of  water  each  min- 
ute. The  water  has  a  constant  tcmpera- 
of  27°  C. 

(134.)  Salt  Wells.  —  An  illustration 
of  tho  principles  of  '■ection  (131)  is  fui 
nislied  by  the  mo  le  m  wh  di  salt  wells  iie 
worked  in  some  paits  of  Geimany  It  not 
unfreqaently  happens  that  beds  of  rock  ''alt 
occur  in  the  midst  of  impeimeable  stiata 
(see  Fig.  230).    It  can  then  be  extiictel 


in  the  following  wiy  An  Aite  lan  irell 
(Fig.  231)  is  first  simk  to  about  the  mid 
die  of  the  bed.  WiUnn  this  well  is  en 
closed  a  smaller  tube  of  copper,  descend- 
ing to  the  bottom  of  the  bed  of  salt,  and 
therefore  considerably  fower  than  the  iran 
tube  forming  the  sides  of  the  well.  The 
lower  end  of  the  copper  tube  is  .closed,  but 
it  is  perforated  with  little  holes  to  the 
height  of  a  few  metres,  which  allow  the 
water,  but   not   dirt, ,  to    enter.      From 

some  convenient  source  fresh  water  is  made  to  flow  into  the  well, 
and  descends  outside  of  the  copper  tube  to   the   salt  bed.     It 
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dissolves  tliG  salt,  and  tlio  heavy  brine  sinks  to  the  bottom  of  the 
bed,  where  it  finds  the  lower  end  of  the  copper  tube.  This  tube 
then  fills  with  salt  water ;  but  the  brine  does  not  rise  to  the  sur- 
face of  the  soil,  but  only  to  such  a  level  that  the  column  of  brine 
in  the  interior  copper  tube  shall  be  in  equilibrium  with  that  of 
■water  in  the  annular  space  outside.  The  specific  gravity  of  sat- 
urated brine  is  about  1.20,  that  of  water  being  1 ;  hence,  if  we 
represent  the  heights  of  the  two  columns  by  H  and  H',  we  shall 
have  H:  H'  =  1.20  :  1.  If,  then,  the  depth  of  the  weU  is  200 
metres,  the  brine  will  rise  1^  .  200  =  166,  and  consequently  to 
a  level  34  m.  below  the  surface  of  the  soil.  Through  this  dis- 
tance it  is  raised  by  a  pump. 

Buoyancy  of  Liquids. 

(135.)  Principle  of  Archimedes.  —  All  liquids  buoy  up  solids 
immersed  in  them  with  a  force  equal  to  the  wetg-ht  of  the  liquid 
displaced.  This  very  important  fact  was  discovered  by  Archime- 
des, and  is  generally  known  under  the  name  of  the  Principle  of 
Archimedes.  It  is  generally  stated  that  the  discovery  was  made 
by  this  renowned  philosopher  of  antiquity  wliile  reflecting  on  the 
buoyancy  of  the  water  on  his  own  body  when  he  was  bathing ;  and 
he  is  said  to  have  been  so  much  elated  by  the  discovery,  that  he 
rushed  from  the  bath  through  the  streets  of  Syracuse,  exclaiming, 
EvpT/iea  !    evptjKa  ! 

The  principle  of  Archimedes  may  be  illustrated  by  means  of 
the  apparatus  represented  in  Fig.  232.  The  brass  cylinder  B 
is  made  so  as  to  fit  accurately  the  brass  cup  A.  In  experi- 
menting with  tlic  apparatus,  the  cylinder  and  cup,  having  been 
suspended  to  one  pan  of  a  balance  arranged  for  the  purpose, 
are  carefully  poised,  by  placing  weights  in  the  opposite  pan; 
the  cylinder  is  then  immersed  in  water,  as  represented  in  the 
figure.  In  consequence  of  the  buoyancy  of  the  liquid,  the  pan 
containing  the  weights  will  preponderate.  According  to  the  prin- 
ciple, this  buoyancy  is  equal  to  the  weight  of  tlie  water  which 
the  cylinder  has  displaced.  But  from  the  construction  of  the 
apparatus,  the  cup  A  will  hold  exactly  this  amount  of  water ; 
and  hence,  if  the  principle  is  correct,  the  equilibrium  will  be  re- 
stored on  filling  the  cup  A  with  water,  —  and  this  we  find  to  be 
the  case.  Tlie  same  resiilt  would  also  be  obtained  with  alcoholj 
or  with  any  other  liquid. 


d  by  Google 


CHEMICAL  PHYSICS. 


It  appears,  flipn,  that  the  cylinder  is  buoyed  up  by  a  force 
equal  to  the  weight  of  the  liquid  which  it  displaces.     But  this 
statement     expresses     only 


one  half  of  the  truth  ; 
it  is  a  necessary  result  of 
the  equality  of  action  and 
reaction,  that  the  upward 
pressure  of  the  water  on  the 
cylinder  must  be  accompa- 
nied by  an  equivalent  down- 
ward pressure  of  the  cylin- 
der on  the  water  ;  or,  in 
other  words,  not  only  that 
the  cylinder  loses  in  weight, 
but  also  that  the  water  gains 
the  weight  which  the  cyl- 
inder loses.  In  order  to  il- 
lustrate   this   fact,  we   can 
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arrange  the  experiment  as  represented  in  Fig.  233.  We  first 
balance  the  vessel  of  -water,  and  then  immerse  in  the  liq^iid  the 
bi-asB  cylinder,  supported  as  represented  in  the  figure.  The 
■water  will  be  found  to  hare  g^ained  in  weight,  and  in  order  to 
restore  the  equilibrium  it  will  be  necessary  to  remove  from  the 
vessel  sufficient  water  to  just  fill  the  cylinder  A. 

(136.)  Demonstration.  —  The  principle  of  Archimedes  is  a 
necessary  consequence  of  the  law  enunciated  in  (126),  as  can 
easily  be  proved.  Let  us,  in  the  first 
place,  suppose  that  the  body  im- 
mersed in  the  liquid  is  a  right  cyl- 
inder, as  c  d,  Fig.  234,  suspended  so 
that  its  bases  shall  he  horizontal. 
Consider  now  the  pressure  exerted 
by  the  liquid  at  aiiy  one  point  on  the 
side  of  this  cyUjider.  By  (121)  the 
direction  of  this  pressure  is  normal 
to  the  surface  at  tliis  point.  But,  as 
is  well  known,  this  normal,  if  pro- 
duced, will  coincide  with  the  diam- 
eter of  the  circular  section  of  tlie 
cylinder  which  would  be  made  by 
a  horizontal  plane  cutting  the  cylin- 
der at  the  point  in  question.  Now, 
as  the  other  end  of  this  diameter  is 

in  contact  with  the  liquid,  and  at  the  same  depth  below  its  suifaco, 
it  is  evident  that  this  point  will  sustain  a  piessuie  equal  m  amount 
and  opposite  in  direction  to  that  sustamed  by  tlie  first  point. 
These  two  pressures  will  consequently  balance  each  other,  and, 
since  the  same  holds  true  of  every  other  similar  point,  it  follows 
that  the  whole  pressure  of  the  liquid  on  the  convex  surface  of  the 
cylinder  is  in  equilibrium. 

It  is  different,  however,  with  the  pressure  on  the  two  horizon- 
tal bases.  The  pressure  exerted  on  the  base  d  is,  by  (126) ,  equal 
to  the  weight  of  tlie  liquid  cylinder  represented  by  e  g,  and  the 
pressure  on  the  base  c  to  the  weight  of  the  liquid  cylinder  hi. 
There  is,  therefore,  an  excess  of  upward  pressure  equal  to  the 
weight  of  the  liquid  cylinder  fg,  which  is  equal  m  size  to  the 
cylinder  c  d.  The  cylinder,  then,  is  buoyed  up  with  a  force  equal 
to  the  weight  of  liquid  displaced. 
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(137.)  This  demonstration  may  readily  be  estcniled  to  a  body 
of  any  foiiri  whatsoever.     Let  ss's"  be  tlie  body,  and  ox,oy, 
oz  three  co-ordinate  axes  perpendicular  with  each  other,  to  which 
we  can  refer  position.     The  pressure  exerted  by  a  liquid  on  any 
infinitely  small  element  of  surface, 
0  s,  is  by  [78]  £^s  .  H .  (Sp.Gr.}. 

This  pressure,  which  by  (121)  is  nor- 
mal to  tlie  surface,  may  be  resolved 
into  three  forces,  at  right  angles  to 
each  otlier  and  parallel  to  the  co-or- 
dinate axes.  Representing  the  nor- 
mal by  p,  and  the  angles  wliich  it 
makes  with  x,  y,  s,  us  ^,  ^  ,  ^  , 
we  have,  for  the  three  components, 
JT'^jT  cos^,  4F"  =  JcosJ,  and 
^*'^'  £'"  =  J  cos  f  .     Substituting   for 

£  Us  value  given  above,  the  three  components  become 

S-  =  H.(Sp.Gr.)  .  s  cos  ^;  [82.]" 

S"  =  H.( Sp.  Gr.)  .  s  cos  J ;  [83.] 

S"'  =  H  .(Sp.G.)  .K  cos^.  [84.] 

But  s  cos  ^  is  the  projection  of  the  surface  s  on  the  plane  of  ^2, 
and  tliis  projection  is  equal  to  the  right  section  of  an  infinitely 
small  cylinder  parallel  to  the  axis  of  x.  Representing  the  area 
of  this  section  by  r",  we  have,  for  the  value  of  the  first  compo- 
nent, £'  =  H .  (Sp.  Gr.)  r".  But  tliis  pressure  will  obviously 
be  balanced  by  the  pressure  exerted  on  the  clement  of  surface,  s", 
which,  decomposed  in  tlie  same  way,  will  give  a  componeut  also 
equal  to  H .  (Sp.Gr.}  r",  and  parallel  to  the  axis  of  x,  bxit  act- 
ing in  the  opposite  direction.  It  can  easily  be  shown  that  the 
same  is  true  of  the  component  parallel  to  the  axis  of  z.  This 
will  be  balanced  by  an  opposite  and  equal  component  of  the 
pressure  exerted  on  the  element  s'".  Let  us,  lastly,  consider 
what  will  be  the  effect  of  the  component  parallel  to  the  axis 
of  y.  In  the  value  of  £"  [83],  the  qiiantity  of  s  cos  ^  is 
the  projection  of  the  sirrface  s  on  the  plane  of  x  y.  This  pro- 
jection is  equal  to  the  riglit  section  of  the  vertical  cylinder  s  s'. 
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Representing  the  area  of  tins  section  by  r',  we  have,  for  the  Taluo 
of  the  vertical  component,  £'■  =  B  (^  ^.  Gr.')  r',  a  force  wliich 
tends  to  raise  the  body.  This  force  is  in  part  balanced  by  the 
pressure  exerted  on  the  element  s'.  By  decomposing  tliis  force, 
it  will  be  found  that  the  vertical  component  which  exerts  a  down- 
ward pressure  in  tlie  direction  s' s, is  equal  to  fi^H'(^ Sp. Gr.} r'. 
The  vertical  cyhnder  of  the  body  s  s'  is  then  buoyed  up  by 
a  force  equal  to  the  difference  of  tliese  two  values,  that  is, 
£'f  _£^  —  (^H—H'')(Sp.Gr.')r',  which  is  the  weight  of  a 
column  of  liquid  of  the  same  volume  as  the  cylinder. 

By  extending  the  same  course  of  reasoning  to  each  of  the  in- 
finitely small  elements  of  surface  which  the  body  presents,  we 
should  decompose  the  body  into  an  infinite  niunber  of  vertical 
cylinders  similar  to  s  s',  each  of  which  is  buoyed  up  by  a  force 
equal  to  the  weight  of  its  own  volume  of  liquid.  The  whole 
body  is  of  course  buoyed  up  by  a  force  equal  to  the  sum  of  the 
forces  acting  on  the  elementory  cylinders,  that  is,  by  a  force 
equal  to  the  weight  of  the  liquid  which  it  displaces. 

(138.)  The  correctness  of  the  principle  of  Archimedes  can  be 
proved  in  another  way,  which  more  directly  connects  it  with  the 
condition  of  equilibrium  which  exists  among 
the  particles  of  all  liquids  when  at  rest. 
Consider,  for  example,  any  cubic  centimetre 
of  the  liquid  contained  in  the  vessel,  Fig. 
236,  such  as  A  B.  Since  the  liquid  is  at 
rest,  it  is  evident  that  this  liquid  cube  is  ex- 
actly sustained  in  its  position  by  the  pres- 
sure of  the  surrounding  particles.  But  the 
mass  of  liquid,  of  which  it  consists,  has 
weight  ;  and  it  is  therefore  also  evident, 
that  the  liquid  cube  is  sustained  because  it 
is  buoyed  up  by  a  force  which  is  just  equal  ~s^^~^ 

to  its  weight.  Let  us  now  suppose  the 
liquid  cube  to  be  suddenly  solidiiied  without  changing  its  volume ; 
it  is  evident  that  it  will  be  buoyed  up  by  the  same  force  as  be- 
fore ;  for  no  change  has  taken  place  either  in  the  position  or  tlie 
conditions  of  the  surrounding  particles.  Whatever,  therefore, 
may  be  the  substance  or  weight  of  the  solid  cube,  it  will  be  buoyed 
up  by  a  force  equal  to  the  weight  of  one  cubic  centimetre  of  the 
liquid  in  which  it  is  immersed.  This  demonstration  can  evident- 
ly be  extended  to  any  other  body,  of  whatsoever  size  or  shape. 
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(139.)  Centre  of  Pressure.  — -  It  has  bocn  proved  (45),  tliat 
the  resultant  of  all  the  forces  which  gi'avity  exerts  on  the  parti- 
cles of  a  body  is  a  single  force  —  represented  by  the  weight  of 
the  body  —  directed  vertically  downwards.  And  it  has  further 
been  proved  (46),  that  this  force  may  always  be  regarded  as  ap- 
plied at  the  centre  of  gravity,  whatever  position  the  body  may 
assume.  Now,  since  the  supposed  liquid 
cube  (Fig.  236)  ia  exactly  supported,  it  fol- 
lows tfmt  the  resultant  of  all  the  pressures 
which  it  receives  from  the  surrounding  par- 
ticles of.  liquid  must  also  be  a  single  force 
equal  to  the  weight  of  the  cube,  but  di- 
r(-Gted  vertically  vpwards.  Moreover,  if  our 
idenl  cube  could  be  turned  in  the  liquid,  it 
would  evidently  still  remain  in  equilibrium, 
m  whatever  position  it  might  be  placed. 
Since  in  all  possible  positions  the  resultant 
of  the  forces  of  gravity  may  be  regarded  as 
api  lied  at  the  centre  of  gravity,  it  follows 
thit  in  the  diff  rent  positions  the  resultant  of  all  the  pressures 
miy  al=!o  be  legaided  as  applied  at  the  same  point.  The  same 
p  lilt,  then,  -w  hich  is  common  to  all  the  resultants  of  the  forces 
of  granty  in  the  different  positions  which  a  body  may  assume,  is 
common,  also,  to  aU  the  resultants  of  pressure ;  in  other  words, 
the  centre  of  gravity  of  our  liquid  cube  is  also  the  centre  of 


e  replace  the  ideal  cube  of  liquid  with  a  cube  of  brass 
having  tlie  same  size  and  volume,  it  is  evident  that  the  conditions 
of  the  particles  exerting  the  pressure  have  not  been  changed. 
Hence  the  resultant  of  the  pressures  exerted  by  these  particles 
will  still  be  a  force  acting  vertically  upwards  ;  and,  farther,  iu 
any  position  which  the  brass  cube  may  assume,  the  direction  of 
this  resultant  will  pass  through  what  would  be  the  centre  of  grav- 
ity of  a  liquid  cube  of  the  same  form  and  volume.  This  com- 
mon point,  through  which  the  resultant  of  the  pressure  passes, 
iu  any  position  of  the  brass  cube,  is  its  centre  of  pressure.  We 
have  made  use  of  a  brass  cube  in  tliis  discussion,  merely  to  give 
distinctness  to  our  conceptions  ;  but  it  is  evident  that  the  same 
reasoning  would  apply  to  a  body  of  any  shape  whatsoever.  In 
any  case,  the  centre  of  pressure  is  always  the  same  point  which 
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was  previoushj  the  centre  of  gravity  of  tlie  litaid  wlticli  lias  been 
displaced  by  ttie  body. 

If  the  body  is  homogeneous  and  entirely  immersed  m  water, 
tlie  centre  of  pressure  coincides  with  tlie  centre  of  gravity  of  the 
body.  If,  liowever,  the  body  is  not  homogeneous,  —  if,  for  ex- 
ample, it  is  loaded  on  one  side,  —  tlien  the  centre  of  gravity  will 
no  longer  coincide  with  the  centre  of  pressure  ;  because  it  will 
not  coincide  with  the  centre  of  gravity  of  a  liquid  body  of  the 
same  shape  and  volume. 

(140.)  Floating  Bodies.  —  If  the  weight  of  a  body  is  less 
than  that  of  the  liq)iid  which  it  displaces,  then,  the  buoyancy  be- 
ing greater  than  the  weight,  the  body  will  rise  to  the  surface  of 
the  liquid,  and  float.  On  the  other  hand,  if  the  weight  of  a  body 
is  greater  than  that  of  the  liquid  which  it  displaces,  it  will  smk. 
Moreover,  since  the  Bpeciflc  gravities  of  any  two  substances  are 
to  each  other  as  the  weights  of  equal  volumes  of  these  substances, 
it  is  also  true  that  a  homogeneous  solid  will  float  when  its  spe- 
ciBc  gravity  is  less  than  that  of  the  liquid,  and  that  it  wfll  sink 
when  these  conditions  are  reversed. 

An  iron  bar  sinks  in  water,  but  floats  in  mercury,  because  a 
given  volume  of  iron  weighs  less  than  the  same  volume  of  mer- 
cury,  and  more  than  the  same  volume  of  water.  For  a  similar 
reason,  a  piece  of  boxwood  will  float  in  water,  but  sink  in  alco- 
hol. The  bar  of  iron,  however,  can  be  made  into  a  liollow  vessel, 
which  will  iloat  on  water  ;  and,  in  the  same  manner,  boxwood 
can  be  made  to  float  on  alcohol.  The  volumes  of  the  bodies  will 
thus  be  increased  without  increasing  the  weight,  and  since  the 
weight  of  the  liquid  they  displace  is  now  greater  than  their  own 
weight,  they  will  float.  Steamships  are  frequently  made  of  iron, 
and  loaded  with  heavy  machinery  ;  but  nevertheless,  since  their 
whole  weight  is  less  than  that  of  the  water  which  they  displace, 
they  float.  ■  The  specific  gravity  of  the  human  body  is  veiy  neatly 
the  same  as  that  of  water,  and  can  readily,  therefore,  by  a  little 
efibrt,  be  kept  at  the  surface  in  the  act  of  swimming.  By  in- 
creasing slightly  the  volume  of  .water  displaced,  without  increas- 
ing sensibly  its  weight,  the  body  will  float  without  effort.  Most 
persons  can  expand  the  chest,  by  a  little  effort,  sufliciently  to  make 
the  specific  gravity  of  the  body  less  than  that  of  water,  and  it  is 
well  known  that  good  swimmers  can  float  their  bodies  by  lying 
back  on  the  surface  of  the  water  and  expanding  the  chest.  This  is 
21 
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also  the  theory  of  life-prcsci-vers,  which  are  bags  filled  with  air, 
or  pieces  of  cork  worn  under  the  arms.  They  so  far  increase  the 
volume  of  the  body  as  to  make  the  specific  grayity  of  the  life- 
preserver  and  the  body  together,  as  a  whole,  less  than  that  of 
water. 

The  large  floating  tanks,  called  camels,  which  are  used  to  lift 
large  vessels  over  the  sand-bars  that  obstruct  tlie  mouths  of  many 
harbors,  are  an  ingenious  application  of  the  same  principle.  These 
tanks,  which  are  closed  on  all  sides  and  water-tight,  having  been 
filled  with  water,  are  fastened  under  the  sides  of  the  vessel.  The 
water  is  tlien  pumped  out,  when  the  tanks  rise,  and  raise  the  ves- 
sel with  them.  A  similar  contrivance,  called  a  floating  dock,  is 
very  much  used  in  the  United  States  for  raising  ships  completely 
out  of  water,  for  repairs.  It  consists  of  a  large  platform,  on 
which  tlie  ship  is  to  rest,  beneath  which  are  hollow  and  watei^ 
tight  tanks,  so  loaded  that,  when  full  of  water,  they  will  sink. 
The  platform  is,  in  the  fust  place,  sunk  to  the  depth  of  several 
fathoms,  and  the  ship  to  be  raised  is  then  floated  over  it.  The 
water  is  now  pumped  out  of  the  tanks  beneath  the  platform, 
which  then  rises,  and  raises  the  vessel  with  it. 

(141.)  Equilibrium  of  Floating-  Bodies.  —  When  a  body  is  at 
rest,  floating  on  the  surface  of  a  liquid,  there  must  be  an  equi- 
librium between  the  weight  of  the  body  and  the  buoyancy  of  the 
liquid.  Hence  it  follows,  from  (135),  that  the  weight  of  the 
liquid  actuaihj  displaced  by  a  floatiiig  body  is  equal  to  its  own 
weight.  We  can  always  determine  the  weight  of  a  ship  by 
measuring  the  volume  which  is  below  the  water-level,  and  mul- 
tiplying this  by  the  specific  gravity  of  tlie  liquid.  This  will,  by 
[56],  give  the  weight  of  water  displaced,  which,  as  we  have  just 
seen,  is  the  same  as  the  weight  of  the  ship.  We  can  also  deter- 
mine the  weight  of  the  cargo  by  detei-mming  the  volume  of  water 
displaced  by  the  ship  both  before  and  after  loading.  The  differ- 
ence between  these  two  volumes,  multiplied  by  the  specific  gravity 
of  the  liquid,  will  give  the  weight  of  the  cargo. 

The  centre  of  pressure  of  a  floating  body  is,  by  (139),  the 
same  point  as  the  centre  of  gi-avity  of  the  fluid  it  displaces.  It 
is  obviously,  therefore,  an  entirely  different  point  from  the  centre 
of  gravity  of  the  body,  and  must  always  be  below  this  point  when 
the  body  is  a  homogeneous  solid.  I'or  example,  in  Fig.  237,  the 
centre  of  gravity  of  the  homogeneous  floating  body  abed  is 
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the  point  G.     Tho  centre  of  pressure,  P,  is  the  centre  of  gravity 

of  tlie  liquid  displaced,  and  this  is  obviously  below  the  centre  of 

gravity  of  the  whole  body.    When 

the  floating  body  is  not  homoge-  ^ 

neous,  the  centre  of  gia^ity  ind.y 

he  below  the  centre  of  pressme  "  iifT''' 

For  example,  if  we  should  attach       ^_  J    ''        '.i  i    1 1||  || 

to  the  bottom  of  the  body  abed 

a  piece  of  lead,  this  would  sink  '  ^ 

the  body  still  deeper  in  the  water,  _  ^  _^ 

and  thus  raise  the  centre  of  pres-  ~ 

sure,  while   at  the  same  time  it  " 

would  lower  the  centre  of  gravity,  iii-'.i.. 

and  thus  might  change  the  relative  position  of  the  two  pouits. 

In  order  that  a  floating  body  should  be  in  equilibrium,  it  is  not 
only  necessary  that  it  should  displace  its  own  weight  of  liquid, 
but  it  is  also  essential  that  the 
centres  of  gravity  and  pressure 
should  be  situated  on  the  same 
vertical.  If  as  in  Pig  238  the 
two  points  are  not  situated  on  tlie 
same  verticil  then  the  le&ultints 
of  the  foices  ot  gia\ity  ind  j  res 
sure  will  be  represented  bj  two 
opposite  veitical  forces  as  P? 
and  G  r  Since  thc^e  foices  are 
equal,  they  will  neithei   tend  to 

raise  nor  depress  the  body  in  the  liquid ;  but  neveitheless,  a&  the 
two  forces  form  a  couple  (38),  tliey  will  tend  to  rotate  the  body. 
Hence,  although  the  body  will  neither  rise  nor  fall,  it  will  turn  in 
the  liquid  until  the  centre  of  pressure  falls  in  the  same  vertical 
with  the  centre  of  gravity,  but  in  such  a  way  that  the  amount  of 
water  displaced  by  the  body  shall  be  always  the  same. 

(142.)  Stable  and  Unstable  Equilibrmm.  —  "When  the  cen- 
tres of  pressure  and  gravity  are  in  the  same  vertical,  there  will  be 
a  condition  of  equilibrium,  but  this  equilibrium  may  be  either 
stable,  mistable,  or  neutral.  The  equilibrium  is  said  to  be  stable 
when,  on  turning  the  floating  body  slightly  in  the  water,  it  tends 
to  return  to  its  first  position ;  it  is  said  to  be  unstable,  when, 
under  these  circumstances,  it  continues  to  turn  until  it  passes 
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into  a  new  condition  of  equilibrium ;  and  it  is  said  to  be  neutral, 
wlien  it  will  remain  at  rest  in  any  position  indifferently. 

Tlie  cosidition  of  a  floating  body  is  always  stable  when  the 
centre  of  gravity  is  below  tlie  centre  of  pressure.  Tlio  trutli 
of  this  statement  is  an  inunediate  consequence  of  the  princi- 
ples of  the  last  section.  The  centre  of  pressure  is  a  point 
at  which  the  whole  upward  pressure  of  the  liquid  may  be  re- 
garded as  concentrated.  It  may  therefore  be  considered  as  the 
point  of  support  of  the  floating  body  ;  and  it  has  already  been 
shown  (48),  that  the  condition  of  a  body  is  stable  when  the 
centre  of  gravity  is  below  the  point  of  support.  It  does  not  fol- 
low, however,  that  tlie  condition  is  necessarily  unstable  when  the 
centre  of  gravity  is  above  the  point  of  support.  In  this  case,  the 
stabiUty  of  the  body  depends  upon  the  position  of  a  variable  point, 
which  is  called  the  metacentre ;  and  the  equilibrium  is  still  stable, 
when  the  centre  of  gravity  is  below  this  point.  The  position  of 
tlie  metacentre  depends  on  the  form  and  position  of  the  body. 
"We  shall  only  be  able  to  point  out  its  position  in  the  case  of  one 
of  the  simplest  solids ;  but  this  example  will  serve  to  illustrate 
the  general  principle. 

Let  us  suppose,  then,  that  the  floating  body  is  a  homogeneous 
rectangular  prism  (Fig.  239).     The  centre  of  gravity  will  then 


rig  239,  I  „  2iO 

be  the  same  as  the  centre  of  its  figure,  oi  G,  md  the  centre  of 
pressure  the  centre  of  gravity  of  the  part  immeised  in  the  liijuid, 
a  variable  point,  depending  on  the  position  of  the  body  If  now, 
when  it  is  floating  on  its  broadest  side,  we  turn  it  through  the 
angle  e  o  c  (Fig.  240),  the  portion  represented  by  the  triangle 
e  o  c  is  raised  out  of  the  liquid ,  and  that  represented  hy  b'of  sub- 
merged ;  and  since  the  quantity  of  water  displaced  must  bo  the 
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same  in  every  position  of  the  body,  it  follows  that  the  portion  eoc 
is  equal  to  the  portion  b'  of.  But  now  the  form  of  the  submerged 
portion  is  entirely  changed,  and  the  centre  of  grayity  of  the  sub- 
merged portion,  which  is  the  centre  of  pressure,  is  also  changed, 
and  moved  to  the  point  P.  If  in  this  position  we  draw  through 
the  point  P  a  perpendicular,  it  will  intersect  the  perpendicular 
drawn  through  the  point  P  in  the  previous  position,  namely,  O  q, 
at  a  point  q,  and  this  point  is  the  metacentre.  In  the  case  before 
us,  the  metacentre  is  above  the  centre  of  gravity  ;  and  it  is  evi- 
dent from  tlie  iigares,  that  the  couple  formed  by  the  resultante 
of  the  forces  of  gravity  and  of  the  pressure  tends  to  restore  the 
floating  body  to  its  first  position  (Fig.  239). 

Let  us  now  suppose  that  the  rectangular  prism  is  floatmg  on 
p-  side,  as  in  Fig.  241 ;  and  tliat,  as  before,  we  turn  it  to 


the  light  through  a  small  angle.  The  centre  of  pressure  will 
then  be  shifted  to  ft  new  position,  at  the  right  of  the  plane  of 
symmetry  (Fig  242)  If,  now,  we  erect  a  perpendicular,  it  will 
inteisect  the  perpendicular  drawn  through  the  centre  of  pressure 
m  the  previous  position,  at  a  point  q,  below  the  centre  of  gravity ; 
and  it  can  easily  be  seen  that  the  couple  formed  by  the  force  of 
gravity  and  the  pressure  will  tend  to  turn  the  body  still  fur- 
ther, and  it  will  only  come  to  rest  when  it  falls  back  into  the 
position  of  stable  equilibrium,  floating  on  its  broad  side,  as  in 
Fig.  239. 

What  has  now  been  illustrated  in  the  ease  of  a  rectangular 
prism,  is  true  of  all  floating  bodies.  In  general,  the  metacentre 
may  be  defined  as  the  point  tvhere  the  vertical  passing  through 
the  centre  of  pressure  in  the  position  of  equilibrium,  meets  the 
vertical  drawn  throvgh  the  new  centre  of  pressure  after  the  body 
21* 
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has  been  slightly  displaced  from  this  position.  A  floating  body 
is  in  a  stable  condition  when  tlie  metacentre  is  above  the  centre 
of  gravity,  and  unstable  when  this  condition  of  things  is  reversed. 
When  tlie  centre  of  gravity  is  below  the  centre  of  pressure,  the 
metacentre  must  evidently  always  be  above  the  centre  of  gravity, 
and,  as  before  shown,  this  condition  is  always  stable.  It  is  also 
evident,  from  the  above  discussion,  that  the  stability  of  a  floating 
body  is  the  greater  tlie  broader  the  submerged  part  and  the 
lower  the  position  of  the  centre  of  gravity. 

It  is  of  great  importance  to  pay  attention  to  the  conditions  of 
stable  equilibrium  iu  the  constiniction  and*  loading  of  ships. 
Vessels  which  are  used  to  ti-ansport  passengers  or  light  cargoes 
require  to  be  ballasted,  by  depositing  immediately  above  the  keel 
a  quantity  of  heavy  matter,  such  as  stones  or  pigs  of  iron.  The 
centre  of  gravity  may  thus  be  brought  so  low,  as  to  give  the 
vessel  such  stability  that  no  lateral  force  of  the  wind  a.cting  on 
its  sails  can  capsize  it.  So,  also,  the  heaviest  part  of  a  cargo 
should  always  be  deposited  in  the  lowest  possible  position,  in  or- 
der that  its  centre  of  gravity  may  be  immediately  over  the  keel. 
When  this  is  the  case,  any  inclination  of  the  vessel  causes  the 
centre  of  gravity  to  rise  ;  and  to  accomplish  this  requires  a  force 
proportional  to  the  weight  of  the  vessel,  and  to  the  height  through 
which  the  centre  is  elevated. 

The  equilibrium  of  a  boat  may  be  rendered  iinstable  by  the 
passengers  standing  up  in  it ;  and  this  is  not  unfrequently  the 
cause  of  accidents  to  light  sail-boats. 

If  the  centre  of  gravity  of  a  vessel  be  not  directly  over  the 
keel,  the  vessel  will  incline  to  that  side  at  which  it  is  placed  ;  and 
if  this  displacement  is  considerable,  danger  may  ensue.  The 
rolling  of  a  vessel  in  a  storm  may  so  derange  the  ballast  or  cargo, 
as  to  throw  the  vessel  on  her  beam-ends. 

(143.)  Neutral  Equilibrium.  — In  some  cases,  the  position  of 
the  centre  of  pressure  is  not  changed  by  any  change  of  position 
of  the  body  which  is  compatible  with  displacing  its  own  weight 
of  fluid.  In  such  a  case,  the  body  will  float  in  equilibrium  in 
any  position  indifferently,  and  is  said  to  be  in  a  condition  of  neu- 
tral equilibrium.  A  sphere  of  uniform  density  is  an  example  of 
this;  for  iu  whatever  position  it  floats,  the  part  immersed  is 
always  a  segment  of  the  sphere  of  precisely  the  same  magnitude 
and  shape,  so  that  the  centre  of  pressure  has  always  the  same  posi- 
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tion  ■ffith  reference  to  the  centre  of  gravity  of  the  sphere.  Con- 
sequently, the  sphere  will  float  indifferently  in  any  position  in 
which  it  may  be  placed. 

Methods  of  determining  Specific  Gravity. 

(144.)  The  specific  gravity  of  a  substance  has  been  defined 
as  the  ratio  of  its  weight  to  that  of  au  equal  volume  of  pure 
water  at  4°  C,  —  the  temperature  at  which  the  volume  of  the 
solid  is  measured  being  0°  C.  As  most  of  the  methods  used  for 
determining  specific  gravity  are  illustrations  of  the  principles  of 
hydrostatics,  we  will  briefly  describe  them  in  this  connection, 
reserving,  however,  for  the  chapter  on  "Weighing  and  Measuring, 
tlie  practical  details  of  the  siibject. 

(145.)  First  Method.  Specifi,c-Gravity  Bottle.  —  The  most 
obvious  method  of  determining  the  specific  gravity  of  a  substance 
is  to  weigh  equal  volumes  of  the  substance  and  of  water,  and 
then  divide  the  first  weight  by  the  last.  When  the  substance  is 
a  liquid,  this  metliod  is  readily  applied.  "We  use  for  the  purpose 
a  small  glass  bottle,  such  as  is  represented  in  Fig.  243.  The 
bottle  is  closed  by  a  perforated  ground-glass  stopper 
of  peculiar  construction,  terminating  in  a  fine  tube, 
on  which  is  marked,  with  a  file,  a  point  to  wl  ii^li 
the  bottle  is  to  be  filled  at  each  experiment.  Ihc 
bottle,  whose  tare  has  been  previously  ascertamed, 
is  fii-st  of  all  filled  with  pure  water,  and  the  stoppei 
inserted,  when  the  water  rises  in  the  glass  tube 
The  excess  of  water  above  the  mark  is  now  remo'ved 
with  a  piece  of  bibulons  paper,  and  the  bottle  caie 
fully  weighed.  By  substracting  from  this  weight 
the  tare  of  the  bottle,  we  have  the  weight  of  a  given  Kg.  e43. 
volume  of  water,  which  is  thus  ascertained  once  for 
all.  If,  then,  we  wish  to  obtain  the  specific  gravity  of  any  other 
liquid,  we  fill  the  bottle  with  this  liquid  in  the  same  way  as  be- 
fore, and  weigh  it ;  then,  having  subtracted  the  weight  of  the 
bottle,  we  havo  the  weight  of  a  vohime  of  this  liquid  eqiial  to 
the  volume  of  the  water.  Representing  these  two  weights  by 
W  and  W,  we  have,  by  definition, 


,.&.)=  4-  [85-] 
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If  ^e  repeat  this  process  at  different  temperatures,  we  obtain 
different  resiilts,  owing  to  the  expansion  both  of  the  liquids  and  of 
tlie  glass.  It  is,  therefore,  essential  to  observe  carefully  the  tem- 
perature of  tlie  liqiiids  at  the  time  of  filling  the  bottle,  and  then 
to  calculate,  by  means  of  tables  prepared  for  the  purpose,  what 
■would  have  been  the  result  had  the  temperature  of  the  water 
been  at  4"  0.  and  that  of  the  substance  at  0°  C.  This  is  called 
reducing-  the  resztUs  to  the  standard  temperature,  and  the  method 
of  making  the  reduction  will  be  described  in  the  chapter  just  re- 
ferred to. 

The  specific-gravity  bottle  may  also  be  applied  to  determin- 
ing the  specific  gravity  of  solids,  when  they  can  be  broken  into 
small  pieces.  For  this  purpose,  we  take  a  specific-gravity 
bottle  and  determine  the  weight  of  the  bottle  when  filled  witli 
water,  as  before  described.  Call  this  weight  W,.  "We  then  in- 
troduce into  the  bottle  a  known  weight  of  tlie  solid,  W,  and  fill 
up  the  remainder  of  the  bottle  with  water.  The  weight  of  the 
bottle,  solid  and  water,  which  we  then  ascertain,  we  will  repre- 
sent by  Wi.  It  is  then  evident  that  the  weight  of  water  dis- 
placed by  tlio  solid  is  W'  ^=  W,  -\-  W  —  W^ ,  and  hence  we  have 


(Hp.Gr.-), 


r 


[86.] 


Here,  as  before,  it  is  necessaiy  to  reduce 
the  results  obtained  to  the  standard  tem- 
perature. 

(146.)  Second  Method.  The  Hydro- 
static  Balance. — We  suspend  the  body  by 
a  fine  thread  to  the  pan  of  a  balance  (Pig. 
244),  and,  having  equipoised  it  by  means 
of  1  tare  in  the  other  pan,  immerse  it 
m  witei  as  represented  in  the  figure. 
The  weight  which  it  loses,  being  exactly 
equal  to  that  of  the  water  which  it  dis- 
plices,  IS  the  weight  of  a  volume  of 
watei  equal  to  that  of  the  body  which 
we  wi  h  to  find.  Hence,  in  order  to  de- 
teimine  this  weight,  we  have  only  to  add 
weights  to  the  pan  from  which  the  body 
IS  su'ipended,  until  the  equilibrium  is  es- 
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tablished.  It  is  evidently  essential  to  the  accuracy  of  this  meth- 
od, tliat  the  water  used  should  be  pure,  aud  the  thread  so  fine 
that  we  can,  without  sensible  error,  neglect  the  weight  of  water 
which  it  itself  displaces. 

Eepresentiiig  by  W  the  weight  of  the  body,  and  by  W  the 
weight  required  to  restore  tlie  equilibrium,  we  have,  by  defini- 
tion, 

(S^GV.)  =  ]^.  [ST.] 

The  value  thus  obtained  must  be  reduced  to  the  standard  tem- 
perature. 

This  method  may  also  be  applied  to  liquids  as  well  as  to  solids. 
For  this  purpose  we  prepare  a  elosed  glass  tube,  and  enclose  .lu 
it  sufficient  mereury  to  sink  the  tube  beneath  any 
liquid,  with  the  exception  of  the  two  heaviest,  mer- 
cury and  bromine.  To  tliis  tube  we  attach  a  fine 
platinum  wire,  as  in  Fig.  245,  which  represents  the 
appai'atus  of  its  fnll  sizo.  We  commence  by  deter- 
mining once  for  all,  by  the  method  just  described,  the 
weight  of  the  volume  of  water  at  4°  C.  which  the  glass 
tube  displaces.  This  we  may  call  G,  as  it  is  i  con 
stant  quantity  for  each  apparatus.  In  order,  now,  to 
determine  the  specific  gravity  of  a  liquid,  we  su'*pend 
tlie  tube  to  the  pan  of  a  balance,  and,  having  cqni 
poised  it  by  placing  a  weight,  prepared  for  the  ym 
pose,  in  the  other  pirn,  immerse  it  in  tlie  liquid  The 
amount  of  weight  required  to  restore  the  eqiiihbiium 
is  the  weight  of  the  volume  of  this  liquid  which  the 
tube  displaces,  and  the  weight  of  the  same  volume  of 
water  at  4°  0.  is  known  to  be  C.     Hence  the  specific       ^^ 

Jf  F^,  246. 

gravity  of  the  liquid  is  -^ .     This  value  must  be  cor- 
rected for  the  temperature  at  which  the  experiment  is  made. 

(14T.)  Third  Method.  Hydrometers.  —  In  this  method,  the 
balance  is  not  used,  but  its  place  is  supplied  by  floating  bodies  of 
peculiar  constniction,  called  hydrometers.  A  few  of  these  we 
will  now  describe.  Tliey  may,  for  convenience,  be  divided  into 
two  classes,  —  Hydrometers  with  a  Constant  Volume,  and  Hy- 
drometers with  a  Constant  Weight. 
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1  Nicholsons  Hi/di omefei  — This  instrument  is  represent- 
ed in  Fig  240  It  consists  of  a  hollow,  cylindrical  vessel,  B, 
made  u^Udlly  of  sheet  biass  or  tinned  iron.  To  the  lower  end 
of  this  ■vessel  is  fistenel  a  cone  filled  with  lead,  C,  the  base  of 
■which  foims  a  pan  on  which  the  body  whose  specific  gravity  is  to 
he  deteimined  is  placed.  The  object  of 
the  li.ad  is  to  load  the  apparatus  so  that 
the  centre  of  gravity  may  be  below  the 
L  utre  of  pressure,  which,  as  we  have  seen 
(142)  IS  a  condition  of  stable  equilibrium. 
1  o  the  top  of  the  vessel  is  fastened  a  wire, 
which  lupports  the  pan  A,  and  on  this 
wiie  IS  marked  a  fixed  point,  o. 

In  Using  this  apparatus,  we  commence 
by  deteimining  the  weight  which,  placed 
m  the  pan  A,  will  sink  the  hydrometer  to 
the  hxfcd  point  o.  This  is  a  constant 
quantity  for  the  same  apparatus,  and  may 
be  repiesented  by  C.  Let  us  suppose  that 
in  anv  given  case  it  is  125  grammes,  and 
Fg  il  that  it  IS  required  to  determine  the  spe- 

cific giavity  of  sulphur.  We  take  a  piece 
of  sulphur  weighing  less  thin  125  grammes,  and  place  it  on 
the  pin  A  and  then  add  weights  until  the  hydrometer  sinks 
again  to  tlie  fi\ed  point  o  If  it  requires  55  grammes  to  sink 
it  to  the  fixed  point,  it  is  evident  that  the  weight  of  the  sul- 
phur is  125  —  55  =  70  grammes.  Having  determined  the 
weight  of  the  sulphur  in  the  air,  it  only  remains  to  determine 
the  weight  of  an  equal  volume  of  water.  For  this  pui'pose,  we 
raise  tlie  hydrometer,  and,  without  disturbing  the  weights,  shift 
the  piece  of  sulphur  to  the  pan  C,  and  replace  the  instrument  in 
the  water.  It  -will  not,  of  course,  sink  to  the  fixed  point ;  be- 
cause the  piece  of  sulphur,  which  is  now  submerged,  is  buoyed 
up  by  a  force  equal  to  the  weight  of  its  volume  of  water.  If, 
noiv,  we  add  weights  to  the  pan  A,  until  the  hydrometer  again 
sinks  to  the  point  o,  we  shall  find  that  34.4  grammes  are  re- 
quired. This  is  then  the  weight  of  its  volume  of  water,  and  the 
specific   gravity   is  ^^  =  2.03.      Ecprescnting   the    successive 


d  by  Google 


THE  THBEB  STATES  OP  MATTER.  251 

weights  described  above  by  C,  W,  and  W,  we  hare  in  eveiy  ease 
(^Sp.  Gr.)  =  ■^~-— ■  If  tlie  instrument  is  to  be  used  for  sub- 
stances lighter  thaji  water,  a  perforated  cover  is  adapted  to  the 
pan  C,  to  prevent  them  from  rising  to  the  surface  of  the  liquid. 

2.  Fahrenheit's  Hydrometer.  —  This  instrument  (Fig.  247)  is 
used  for  determining  the  specific  gravity  of  liquid,  and  differs 
from  the  one  just  described  only  in  being  made 
of  glass,  and  in  having  no  lower  pan.  In  using 
this  instrument,  we  commence  by  weigliiug  it 
in  a  balance.  Let  us  call  its  weight  C.  Then, 
having  placed  it  in  water,  wo  determine  the 
amount  of  weight  required  to  sink  it  to  a  faxed 
point,  marlied  on  the  stem,  whicli  we  wiU  ipp- 
resent  by  c.  The  sum  of  these  constant  weights, 
or  C-\-c,  is,  by  (141),  equal  to  tlie  weiglit 
of  tlie  water  displaced.  We  then  float  the  hy- 
drometer in  the  liquid  whose  specific  gri^ity 
we  wish  to  find,  and  determine  tlie  weight  le 
quired  to  sink  it  in  this  liquid  to  the  fixed  point 
Call  this  weight  W.     Then  C-\-Wis  equal  to  Fit,  as, 

the  weight  of  the  liquid  displaced,  and   binue 
C  4-  c  and  G-\-W  are  the  weights   of  the   same  volumes  of 
water  and  the  liquid,  the  specific  gravitv  of  the  liquid  ib  ea>,ily 
found;  since 

(Sp.G,.)=;;-:|-f-  [»] 

HYDROMETERS    WITH    A   CONSTANT   WEIGHT. 

In  the  two  hydrometers  just  described,  the  volume  of  the 
instrument,  which  is  submerged,  remains  constant  during  the 
experiment,  and  the  specific  gravity  is  determined  from  the 
amount  of  weight  required  to  beep  the  volume  constant  under 
different  circumstances.  Tlie  hydrometers  in  most  general  use 
are  constructed  on  a  different  principle.  In  these  the  weight  is 
constant,  and  the  specific  gravity  of  a  liquid  is  determined  by 
measuring  the  volume  of  this  liquid  which  the  instrument  dis- 
places when  floating  in  it.  The  weight  of  this  volume  is,  by 
(141),  the  same  as  the  weight  of  the  instrument.  If,  then,  we 
represent  by  V  the  volume  of  water  which  the  instrument  dis- 
places when  floating  in  this  liquid,  and  by  V  the  volume  of  any 
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Other  liquid  which  it  displaces,  it  is  evident  that  the  voltimes  V 
and  V  of  the  two  liquids  have  the  same  -weiglit,  namely,  that  of 
the  hydrometer.  But  it  follows  from  [56] ,  that  when  the  weights 
of  different  volumes  of  two  liquids  are  equal,  V  .  (Sp.Gr.')  = 
y  .  (  Sp.  Gr.y.  When  one  of  the  liquids  is  water,  (  Sp.  Gr.y  =  1, 
and  we  obtain,  for  the  specific  gravity  of  the  other  liquid, 

(Sp.Gr.:,  =  ^-.  [89.] 

From  this  it  appears,  that,  when  we  know  tlio  volumes  of  equal 
weights  of  water  and  any  given  liquid,  we  can  find  the  specific 
gravity  of  the  liquid  by  dividing  the  volume  of  the  water  by  the 
vohime  of  the  liquid. 

S.    Gay-Lussac's  Volumeter.  —  This  is  the  best  instrument  of 
its  class.     In  its  simplest  form  (Fig.  248),  it  consists  of  a  glass 
tube  closed  at  both  ends,  which  is  gradiiated 
into   pai-ts   of   equal   capacity.      The  size   of 
the  parts  is  iiuimportaiit,  it  being  only  neces- 
sary that  they  should  all  be  equal.     The  di- 
visions are  numbered  from  1  to  100,  or  to 
150,  as  the  case  may  require,  commencing  at 
the  lower  end  of  the  tube.     Before  the  tube 
is  iinally  closed,  it  is  loaded  with  mercury,  so 
tliat,  when  floating  on  water,  it  will  sink  to 
the  100th  division  on  the  scale  ;  or,  in  other 
words,  so  that  it  will  displace  100  measures  of 
water.     If,  now,  we  float  it  on  sulphuric  acid, 
it  will  only  sink  to  the  64th  division.     Hence 
100  measures  of  water  and   54   measures  of 
sulplmric  aeid  have  the  same  weight,  and  the 
specific   gravity  of  sulphuric   acid  is,  there- 
fore, -W^  =  1.85.     If  we  float  the  hydrome- 
ter on  aicohol,  it  will  sink  to  the  125tli  divis- 
Fjg  as      Kg.  249       ^°^'     Hence  the   specific  gravity  of  alcohol 
is  -fg^  ^  0.80.     Since  a  definite  specific  grav- 
ity corresponds  to  each  of  the  divisions  of  the  scale,  it  is  usual 
to  calculate  these,  and  inscribe  them  on  the  scale  in  place  of 
the   simple   numbers   denoting  the  volume.      The   instrument, 
when  so  prepared,  is  generally  called  a  densimeter.     As  there 
are  no  Hquids  which  have  a  less  specific  gravity  than  0,60,  and 
only  two  (mercury  and  bromine)  which  have  a  greater  specific 
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gravity  than  2,  it  is  evident  tliat  the  divisions  on  tho  scale  need 
only  extend  from  50  to  166.  It  is  not  usual,  however,  to  have 
the  whole  scale  on  a  single  instrument,  and,  as  a  general  rule, 
the  scale  is  divided  over  three  separate  hydrometers.  The  first 
one,  for  liquids  lighter  than  water,  is  graduated  from  100  (coi'- 
responding  to  the  specific  gravity  1.60),  near  the  middle  of  the 
tube,  to  166  (corresponding  to  0.60),  at  the  top  of  the  tube  ;  the 
second;  for  saline  solutions,  is  graduated  from  100  (corresponding 
to  1.00),  at  the  top  of  the  tube,  to  75  (corresponding  to  1.33), 
near  the  middle  ;  finally,  the  third  instrument  is  graduated  from 
75  (corrpsponding  to  1.33),  at  the  top  of  the  tube,  to  50  (cor- 
responding to  2.00),  near  the  middle  of  the  tube.  In  graduating 
each  instrument,  it  is  so  loaded  that  it  shall  sink  in  water  to  the 
100th  division  of  the  centesimal  scale,  and  in  all  cases  the  spe- 
cific gravities  aie  subsequently  calculated,  and  inscribed  on  the 
scale  against  each  division. 

It  is  more  usual  to  give  to  tlie  hydrometer  the  form  rep- 
resented in  Fig.  249.  This  shortens  the  instnunent  very  great- 
ly, since  the  volume  of  the  long  tube  in  Fig.  248  is  here  re- 
placed by  a  short  bulb.  The  principle  of  the  two  forms  of  the 
instrument  is  precisely  the  same,  but  it  is  more  difficult  to  gi-ad- 
uate  the  second  pattern.  The  easiest  method  is  the  following. 
If  the  instrument  is  to  be  used  for  liquids  heavier  than  water, 
we  first  load  it  with  mercury  until  it  sinks  to  a  point  A,  near 
the  top  of  the  tube,  which  we  mark  100.  We  next  float  it  in 
a  liquid  of  known  specific  gravity,  for  example,  1.33S,  and  it  will 
sink  to  a  point  B.  Now,  by  [85],  1.333  ==  J^-o,  and  x  =  75. 
This  division  is,  therefore,  the  75th,  and  we  divide  the  space 
between  the  two  into  25  equal  parts,  and  continue  the  divisions  of 
the  same  size  to  the  base  of  the  stem.  Each  of  these  divisions 
will  then  be  t^it  of  the  whole  volume  of  the  apparatus  below  the 
100th  division  first  marked  at  A.  If  the  instrument  is  to  be 
used  for  liquids  heavier  than  water,  we  adjust  it  so  that  the 
100th  division  shall  be  at  the  base  of  the  stem,  and  then,  by 
floating  the  instrument  in  alcohol  of  known  specific  gravity, 
determine  a  higher  point,  and  tlien  divide  the  stem  as  before. 

4.  Saume's  Hydrometer.  —  This  hydrometer  belongs  to  the 
same  class  with  that  of  Gay-Lussac,  but  it  is  graduated  in  a  man- 
ner which  is  entirely  arbitrary,  and  does  not  indicate  the  specific 
gravity  of  the  liquid.  There  are  two  methods  used  in  graduat- 
22 


d  by  Google 


254 


CUEMICAL   PHYSICS. 


iiig  it,  according  as  it  is  to  be  used  for  liquids  heavier  or  ligliter 
than  water.  In  tlie  fii^t  case,  it  is  loaded  so  that  it  will  sink  in 
water  to  a  point  A,  near  the  top  of  the  stem,  which  we  mark  0°. 
A  second  point  is  now  obtained  by  floating  the  instrument  in  a 
solution  of  fifteen  parts  of  common  salt  in  eighty-five  parts  of 
water.  This  solution  having  a  greater  specific  gravity  tlian  pure 
water,  the  instrument  rises  until  the  level  of  the  liquid  stands  at 
a  point  B,  which  we  mark  15°.  Lastly,  we  divide  the  distance 
between  A  and  B  into  fifteen  equal  parts,  and  continue  the  divis- 
ions to  the  bottom  of  the  stem  of  the  same 
size  as  one  of  these  parts.  It  is  essential 
that  the  diameter  of  the  stem  should  be  the 
same  throughout.  This  instrument  is  called 
Pesc-Sels.  To  prepare  a  hydrometer  for 
liquids  lighter  than  water,  Caume  floated 
the  hydrometer  in  a  solution  of  ninety  parts 
of  water  and  ten  parts  of  common  salt,  and 
marked  the  point  to  which  it  sank  as  0°. 
He  next  floated  the  instrument  in  water,  and 
marked  tliis  point  10°.  The  interval  between 
these  points  he  divided  into  ten  equal  parts, 
and  continued  the  divisions  of  the  same  size 
to  the  top  of  the  tuhe.  This  instrument  is 
called  Pese-Liqueurs.  Although  the  graduation  of  Baume  is 
entirely  arbitrary,  yet  this  hydrometer  is  in  more  general  use 
than  any  other.  It  is  principally  used  for  determining  when 
a  solution  or  an  acid  has  reached  the  proper  degree  of  con- 
centration. For  example,  it  has  been  found  by  experiment,  that 
in  a  well-manufactured  syrup  the  pese-sels  of  Eaume  stands  at 
35°  when  the  liquid  is  cold,  and  also  that  in  the  strongest  sul- 
phuric acid  it  stands  at  60° ;  so  that  the  instrument  enables  the 
manufacturer  to  tell  when  his  syriip  or  acid  has  reached  the 
proper  strength.  The  instrument,  therefore,  serves  as  a  useful 
indicator  in  the  arts,  but  it  has  no  scientific  value.  Correspond- 
ing to  each  degree  of  the  Baume  scale  is  a  definite  specific  grav- 
ity, which  can  be  found  by  referring  to  appropriate  tables, 
as  can  also  those  corresponding  to  the  degrees  of  the  scales  of  Car- 
tier  and  Beck,  which,  like  that  of  Baume,  are  purely  arbitrary. 

5.   Gay-Lvssac's  Akoomfier.  —  This  is  a  Idnd  of  hydrometer, 
which  is  used  for  measuring  the  stren^-'th  of  ala^hulic  liquids. 
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l^ho  form  of  the  iiistrumcJit  is  precisely  the  same  as  that  of 
Baumo  ;  but  the  graduation,  which  is  made  at  15°,  is  different. 
The  scale  on  the  stem  is  divided  into  one  hundred  degrees,  each 
of  which  represents  one  per  cent  of  pure  alcohol  in  volume. 
The  hydrometer  sinks  to  0"  in  pure  water,  and  to  100°  in  pure 
alcohol.  If  in  any  given  alcoholic  liquid  it  sinks  to  15°,  the 
liquid  contains  15  per  cent  by  vohime  of  pure  alcohol.  The  in- 
strument is  graduated  by  floating  it  in  liquids  of  known  strength, 
and  marking  the  points  on  the  stem  to  which  it  sinks.  It  is  only 
accurate  at  the  temperature  of  15°.  If  tlie  temperature  is  dif- 
ferent from  this,  the  indications  of  the  instrument  must  be  cor- 
rected by  means  of  tables,  which  have  been  prepared  for  tlie 
purpose. 

There  are  a  great  variety  of  other  hydrometers,  which  are 
graduated  so  as  to  give  the  strength  of  milk,  beer,  vinegar,  and 
other  liquids.  They  are  all  similar  in  principle  to  the  alco- 
ometer,  and  do  not  require  description. 

6.  Rousseau's  Hydrometer.  — All  the  hydrometers  which  have 
been  described  require  a  suificient  amount  of  liquid  to  fill  a  glass 
of  some  size  ;  but  there  are  many  cases  in  which  it  is  desirable 
to  ascertain  promptly  the  specific  gravityof  a  liquid,  when  only  a 
few  grammes  of  it  can  be  obtained.  The  form 
of  hydrometer  represented  in  Fig.  251  lias 
been  contrived  by  Rousseau  for  this  purpose. 
The  general  form  of  the  instrument  is  similar 
to  the  others  which  have  been  described  ;  but 
it  differs  in  having  on  the  top  of  the  stem  a 
small  cup,  A,  which  holds  the  liquids  to  be 
experimented  iipon.  On  the  side  of  this  cup 
is  a  mark  which  indicates  a  capacity  of  one 
cubic  centimetre. 

In  order  to  gi'aduate  the  instrument,  it  i^ 
floated  in  pure  water  at  4°,  and  loaded  ^\  ith 
mercury  until  it  sinks  to  a  point,  B,  maiked 
at  the  base  of  the  stem,  which  is  the  zeio  of  p^  asi 

the  scale.     The  cup  A  is  next  filled  up  to  the 
mark  with  distilled  water  at  4°,  or,  what  amounts  to  the  same 
thing,  a  weight  of  one  gramme  is  placed  in  the  cup.     The  instru- 
ment is  so  constructed  that  it  will  then  sink  to  a  point  near  the 
middle  of  the  stem,  which  is  marked   20°.     The   interval  bc- 
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tween  these  divisions  is  now  divided  into  twenty  equal  parts,  and 
the  divisions  are  continued  to  the  top  of  tlie  stem.  Since  this 
has  exactly  the  same  size  throughout,  each  division  corresponds 
to  one  twentieth  of  a  gramme,  or  0.05  gram. 

According  to  this  graduation,  if  we  wish  to  obtain  the  density 
of  any  liquid,  —  bile,  for  example,  —  we  fill  tlie  cup  with  the 
liquid  to  the  point  marked  on  the  side.  The  instrument  will  now 
sink,  perhaps,  to  the  20.5  division  on  the  stem.  The  weight  of 
one  cubic  centimetre  of  bile  is,  then,  0.05  X  20.5  =  1.025  gram. 
Since  the  weight  of  the  same  volume  of  water  at  4°  is  one 
gramme,  the  specific  gravity  of  bile  is  1.025  ~  1  =  1.025.  In 
general,  then,  the  specific 
gravity  of  a  liquid  is  found 
with  this  instrument  by 
multiplying  0.05  by  the 
number  of  the  division  to 
which  it  sinks  in  water, 
when  loaded  with  one  cubic 
centimetre  of  the  liquid. 

The  indications  of  all  hy- 
drometers are  very  much 
influenced  by  capillary  at- 
traction, and  tlie  more  so 
the  more  delicately  they  are 
constructed.  They  are  not, 
tlierefore,  instruments  of 
precision;  but  they  are  use- 
ful, since  they  give  rapidly 
approximate  results. 

(148.)  Fovrth  Method. 
—  A  fourth  method  of  find- 
ing the  specific  gravity  of  a 
liquid,  which  may  be  ad- 
vantageously used  under 
certain  circumstances,  is  il- 
lustrated by  Fig.  252.  It 
depends  on  the  principle  of 
the  equilibrium  of  liquids 
in  connected  vessels  (181). 
The  apparatus   consists   of 
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two  tubes  connected  above  with  each  other  and  with  tlic  chamber 
of  an  air-syringe.  The  lower  ends  of  tliese  tubes  dip,  the  one  into 
a  glass  of  water,  and  the  other  into  a  glass  containing  the  liquid 
whose  specific  grayity  is  required.  On  partially  exliausting  the 
air  from  tire  top  of  the  tubes  by  means  of  the  syringe,  the  liquids 
will  rise  in  tlie  two  tubes.  If,  now,  we  close  the  stopcock  con- 
necting with  tlie  syringe,  the  liquids  will  stand  permanently  at  a 
certain  height  in  either  tube.  Moreover,  it  is  evident,  from  the 
construction  of  the  apparatus,  that  the  two  columns  of  liquid  are 
in  equilibrium  with  each  other.  Using,  then,  the  notation  of 
(181),  wo  have,  from  [81], 

JI:B'^l:{Sp.  Gr.-) ,    or    ( Sp. Gr.)  =  ^  ;     [90.] 

that  is,  the  specific  gravity  of  the  liquid  is  found  by  dividing  the 
height  of  the  column  of  water  by  that  of  the  liquid.  The  heights 
of  the  columns  may  be  measured  either  by  means  of  a  scale  on 
the  tube,  or  by  a  cathetometer  (see  Fig.  196).  If  the  hquidwere 
alcohol,  for  example,  and  tlie  height  of  the  water  column  meas- 
ured 60  cm.,  the  height  of  the  alcohol  column  would  be  found 
to  measure  16  cm.  Hence,  the  specific  gravity  of  alcohol 
is  f?  =  0.80. 


BiKiyancy  of  Liquids. 

106.  A  man,  exerting  all  liia  force,  can  raise  a  weight  of  50  kilog. 
What  would  be  the  weight  of  a  stone  (Sp.  Gr.  =  2.5)  which  he  could 
just  r^se  under  water? 

107.  How  much  force  in  kilogrammes  would  be  required  to  raise  under 
water  a  mass  of  asphaltum  {Sp.Gr.  =  1.10)  weighing  600  kilogrammes? 

108.  How  many  kilogrammes  will  100  kilogrammes  of  cast-iron 
{Sp.  Gr.  =  7.25)  weigh  under  water  ? 

109.  How  much  will  the  same  amount  of  iron  weigh  under  alcohol 
{Sp.  Gr.  =  0.798)  ? 

110.  If  a  given  piece  of  gold  be  balanced  by  its  weight  of  brass  in  a 
vacuum,  what  addition  must  be  made  to  the  brass  so  that  they  may  be  in 
equilibrium  when  immersed  in  water  ? 

111.  How  much  force  in  kilogrammes  would  be  required  to  sustain 
under  mercury  at  0°  a  cubic  decimetre  of  platinum  ?  The  specific  grav- 
ity of  platinum  is  21.5  ;  th;it  of  mercury,  13.598. 

22* 
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Whaling  Bodies. 

112.  How  nrneh  bulk  must  a  hollow  vessel  of  copper  fill,  weighing  one 
kilogramme,  which  will  just  float  in  water  ? 

113.  How  much  bulk  must  a  hollow  vessel  of  ii-on  occupy,  weighing 
10  kilogrammes,  which  sinks  one  half  in  water  ? 

114.  A  boat  displaces  10  m.»  of  water.  "What  is  the  weight  of  the 
boat? 

115.  A  cube  of  wood,  weighing  100  kilogrammes,  sinks  three  quarters 
in  water.  What  is  the  specific  gravity  of  the  wood,  aad  what  is  the  size 
of  the  cube  ? 

116.  IVhat  portion  of  a  cube  of  solid  iron  {Sp.  Gr.  =  7.7)  will  sink 
in  mercury  (^Sp.  Gr,  =  13.6)  ? 

117.  A  life-boat  contains  100  m.^  of  wood,  whose  specific  gravity  is 
equal  to  0.8,  and  50  m?  of  air,  whose  specific  gravity  is  0.0012.  When 
flDed  with  fresh  water,  what  weight  of  iron  baDast,  whose  specific  gravity 
is  7.645,  must  be  thrown  info  it  before  it  will  begin  to  sink  ? 

118.  If  the  specific  gravities  of  a  man,  of  water,  and  of  cork  be  1,120, 
1,000,  and  240  respectively,  find  what  quantity  of  cork  must  be  connected 
to  a  man,  weigliing  75  kilogramm.es,  that  he  may  just  float  in  fbe  water. 

119.  Determine  the  weight  of  a  Lydroineter,  which  sinks  as  deep  in 
rectified  spirits,  whose  specific  gravity  is  0.866,  as  it  sinks  in  water  when 
loaded  with  4  gram. 

120.  A  ship,  sailing  into  a  river,  sinks  2  cm.,  and,  after  discharging 
12,000  kilogrammes  of  her  cargo,  rises  1  cm. ;  determine  the  weight  of 
the  ship  and  caj^o,  the  specific  gravity  of  sea-waf«r  being  to  that  of 
fresh  as  1.026  is  to  1. 

121.  If  a  solid,  whose  specific  gravity  =^  6,  float  in  a  liquid,  whose  spe- 
cific gravity  =  15,  determine  the  proportion  of  the  parts  immersed. 

122.  If  a  globe  of  wood,  when  placed  in  a  vessel  of  water,  rise  5  c.  m. 
above  the  surface,  but,  when  placed  in  a  liquid  whose  specific  gravity  is 
0.80,  rise  only  3  c.  m.  above  the  surface  of  the  liquid,  determine  the  di- 
ameter of  the  globe. 

123.  Having  given  the  specific  gravities  of  iron  and  water,  determine 
what  proportion  the  thickness  of  a  hollow  iron  globe  must  bear  to  its 
diameter,  that  it  may  just  float  in  wafer. 

124.  A  parallelepiped  of  ice,  whose  fliree  dimensions  are  10.5  m., 
15.75  m.,  and  20.45  m.,  is  Hoating  in  sea-water  on  its  broadest  face  ;  the 
specific  gravity  of  sea- water  is  1.026,  and  (bat  of  ice  0.930.  Required  the 
height  of  the  parallelopiped  above  the  surface  of  the  water. 

125.  A  cone,  1.5  m.  high  and  1.2  m.  in  diameter  at  the  base,  is  floating 
on  its  base  in  a  liquid  in  a  vertical  position,  and  sinks  in  it  20  c.  m.  How 
much  of  tbe  liquid  is  displaced  by  the  cone  ?  If  the  cone  is  inverted,  and 
made  to  float  on  its  apes,  how  deep  will  it  tlien  sink  ? 
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12fi.  A  hollow  cylinder  of  iron  plat«  is  2.5  m.  in  diameter  and  1.75  in. 
high.  The  plate  ia  1  cm.  thick,  and  its  specific  gravity  7.79.  Will  it 
float  on  water,  and  if  so,  how  deep  will  it  sink  when  its  axis  is  vertical  ? 

127.  A  cuhe  of  lead  measures  4  c.  m.  on  each  side.  It  is  required  to 
sustain  it  under  water  hy  suspending  it  to  a  cube  of  cork.  What  must 
be  the  size  of  a  cube  of  cork  whicU  just  sustains  it,  assuming  that  the 
specific  gravity  of  cork  equals  0.24,  and  that  of  lead  11.35  ? 

Elasticity  of  lAquids. 

128.  A  cubic  metro  of  water  is  submitted  to  a  pressure  of  15  atmos- 
pheres.    How  great  is  the  condensation  ?  and  what  is  the  specific  gravity 

.  of  the  condensed  liquid  ? 

12D,  Ata  depth  in  the  ocean  of  a  little  over  5  kilometres,  the  pressure 
amounts  to  500  atmospheres.  What  is  the  specific  gravity  of  the  water 
at  that  depth,  assuming  that  the  specific  gravity  of  sea-water  is  1.026, 
and  the  compressibility  0.0000436  ? 

Bydrostalic  Press. 

130.  In  the  hydrostatic  press  are  given  the  diameters  of  the  two  cylin- 
ders d  and  d',  and  the  force  appKed  to  the  pump  F.  Determine  the 
pressure  produced. 

131.  In  the  hydrostatic  press,  suppose  the  diameters  to  be  4c. m,  and 
80  c.  m.  respectively,  the  length  of  the  pump-handle  to  be  1  m.,  and  the 
distance  of  the  pump  from  the  fulcrum  of  the  liandle  10  c.m.  Deter- 
mine in  what  proportion  the  power  is  increased. 

Pressure  exerted  hy  Liquids  in  Consequence  of  their  Weiqhi. 

It  is  HSsMBia?,  m  ihefdloiBuig  problems,  ihal  liquids  are  inmmpresiSile,  and  hence  that  their 
epecljk  gramty  is  not  increased,  however  great  reay  be  the  pressure  to  lahich  tha/  are  exposed. 

132.  The  whole  pressure  on  the  bottom  of  a  pail  of  water,  the  radius 
of  which  is  30  c.  m.,  is  50  kilogrammes.  Wliat  is  the  depth  of  the 
water  in  the  pml  ? 

133.  What  is  the  pressure  exerted  by  the  water  on  every  square  cen- 
timetre of  the  base  of  a  cylindrical  vessel,  in  which  the  liquid  stands  at 
the  height  of  10,336  m.  above  the  base  ?  If  the  water  in  the  vessel  were 
replaced  by  mercury,  how  high  must  the  liquid  stand,  so  that  the  pressure 
should  be  the  same  as  before  ? 

134.  The  horizontal  and  circular  bottom  of  a  flask,  15  c  m.  in  diame- 
ter, is  filled  with  mercury  to  the  depth  of  20  c.  m.  How  great  is  the 
pressure  on  the  bottom  ? 

135.  What  height  must  a  column  of  water  have,  which  will  exert  a 
pressure  of  1,000  kilogrammes  on  every  square  decimetre  ? 

136.  A  cubical  vessel  is  filled  with  water,  and  into  its  side  a  bent  tube 
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I,  lillcd  witli  water,  antl  communicating  with  the  water  in  the 
vessel.  Determine  the  pressure  on  the  top  of  the  vessel,  the  vertical 
height  of  the  extremity  of  the  tube  above  the  vessel  being  (m)  times  the 
height  of  the  vessel. 

137.  A  sphere,  10  c-  m.  in  diameter,  is  sunk  to  the  depth  of  100  m.  in 
a  fresh-water  late.     Determine  the  total  pressure  exerted  on  its  surface, 

138.  A  cylinder,  15  c.  m.  in  diameter,  is  sunk  so  that  its  centre  is  at 
the  depth  of  1  m,  below  the  surface  of  the  water.  Determine  the  total 
pressure  exerted  on  ils  surface. 

139.  A  hollow  cone,  10  c.  m.  in  diameter  at  the  base  and  o  c.  m.  high, 
is  filled  with  water.  Detei'miue  the  pressure  on  the  base  and  on  the  con- 
vex surface. 

140.  A  cylindrical  vessel,  lOc-m.in  diameter  and  10  cm.  high,  is 
filled  willi  water.  Determine  the  pressure  on  the  base  and  on  the  convex 
surface. 

141.  A  hollow  cone,  without  a  bottom,  stands  on  a  horizontal  plane, 
and  wafer  is  poured  in  at  the  vertex.  The  iwight  of  the  cone  being 
given,  how  far  may  it  be  filled  so  as  not  to  run  out  bebw  ? 

143,  A  hemispherical  vessel,  10  cm.  in  diameter,  without  a  bottom, 
stands  on  a  horizontal  plane.  "When  just  fiUed  with  water,  the  liquid  be- 
gins to  run  out  at  the  bottom.     Determine  the  weight  of  the  vessel, 

143.  A  strmght  line  is  immersed  vertically  in  a  liquid.  Required  to 
divide  it  into  three  portions,  which  shall  be  equally  pressed. 

144.  Compare  the  pressures  on  the  three  sides  of  an  equilateral  tri- 
angle, just  immersed  in  a  liquid  in  such  a  manner  that  one  side  may  be 
perpendicular  to  its  surface. 

Specific  Grwvity. 

145.  Determine  the  specific  gravity  of  absolute  alcohol  from  tlie  fol- 
lowing data  ;  ■ — ■ 

Weight  of  bottle  empty, 4.32  G  gram. 

"  "         filled  with  water  at  4",         .         19.Go4      " 

"  "         filled  with  alcohol  at  0°, .         ,1 6.741      " 

146.  Determine  the  specific  gravity  of  sulphuric  aciJ  from  tlie  follow- 
ing data  :  — 

"Weight  of  bottle  empty 4.326  gram. 

"  "         filled  with  water  at  4%        ,         19,654      " 

'<  "         filled  with  sulphuric  acid  at  0°,     28.219      " 

147.  Determine  the  specific  gravity  of  lead  shot  from  the  following 

"Weight  of  bottle  filled  ^vitll  water  at  4",         .  19.654  gram. 

"  shot, 15.456      « 

«  bottle,  shot,  and  water,  .         .  33.706      " 
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148.  Detei-mino  the  specific  gravity  of  goldii-ooi  the  following  data:  — 
Weight  of  gold  in  jur,     .         .         .         .         4.213  gram. 

Loss  of  -weight  in  water,     ....     0.2205    " 

149.  Determine  the  specific  gravity  of  hammered  copper  from  the  Ibl- 
lowing  data;  — 

Weight  of  copper  in  air,     ....     1.809  gram. 
"  "  underwater,         .  .  1.008      " 

150.  Determine  the  specific  gravity  of  saltpetre  from  the  following 

Weight  of  saltpetre  in  air, .         .         .         -     1.21C  gram. 

"  "  under  alcohol,  .         .         0.7345    " 

Specific  gravity  of  alcohol, .         .         .         ■     0.792     " 

151.  Determine  tlie  specific  gravity  of  ush  wood  from  the  following 
data:  — 

Weight  of  wood  in  air,    .         .         .  25.350  gram. 

"      "     a  copper  sinker,         ■         ■  11.000      " 

"      "     wood  and  sinker  under  water,  5.100      " 

Specific  gravity  of  copper,         ■         .         .       8.950      " 

152.  A  sphere  of  platinum  -weighs  in  air  84  gram.,  and  m  mercury  22.IJ 
gram.     What  is  the  density  of  platinum  ? 

153.  A  piece  of  metal  -weiglis  5.219  gram,  in  air,  4.132  gram,  in  water, 
and  6,009  gram,  in  a  ^ven  liquid.  What  is  the  specific  gravity  of  the 
metal  and  of  the  liquid  ? 

154.  A  body.  A,  weighs  m  air  7.55  gram.,  in  water  5.17  gram.,  in  an- 
other liquid  6.35  gram.  What  is  the  specific  gravity  of  the  body  and  of 
the  liquid  ? 

155.  A  hody  weighs  14  gram,  in  a  vacuum  and  9  gram,  in  water ;  an- 
other weighs  8  gram,  in  a  vacuum  and  7  gram,  in  water.  Compare  their 
specific  gravities. 

156.  A  glass  ball,  weighing  10  gram.,  loses  3.636  gram,  in  water,  ami 
2.88  gram,  in  alcohol.     What  is  the  specific  gravity  of  alcohol  ? 

157.  A  glass  bail,  weighing  10  gram,  and  whose  Sp.  Gr.  =  2,75,  weighs, 
under  rape-seed  oil,  6.658  gram.    What  is  the  specific  gravity  of  this  oil  ? 

158.  A  glass  ball,  as  above,  weighs  under  water  6.364  gram.,  and  under 
another  liquid  7.12  gram.     What  is  the  specific  gravity  of  this  liquid? 

159.  A  voiumetre,  whose  stem  is  exactly  cylindrical,  siuka  in  a  liquid 
whose  Sp.  Gr.  =  1.1  to  a  point  h,  and  in  pure  wafer  at  4°  C.  to  a  point  a. 
The  distance  from  a  to  6  is  4  c  m.  How  far  from  a  must  the  divisions 
be  placed  to  which  the  hydrometer  will  sink  in  hquids  whose  i%.  Gr.  = 
1.01,  1.02,  1.03,  1.04,  1.05. 

160.  A  similar  volumeter  sinks  in  a  liquid  whose  Sp.Gt:  =  y  to  a 
point  h,  and  in  a  liquid  whose  Sp.  Gr.  =  ;-'  to  a  point  ci,  higher  on  the 
stem.  What  is  the  specific  gravity  of  a  liquid  in  which  it  sinks  to  an  in- 
termediate point,  d,  when  hd  ^  k,  and  a  b  =  1. 
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161.  A  column  of  water  1.55  m.  higli  is  in  equilibrium  ivilli  si  inilumn 
of  liquid  3.17  m.  high.     IVLat  is  the  specific  gravity  of  tlic  liquid? 

Miscellaneous. 
1G2,  An  alloy  of  gold  and  silver  weighs  10  kilogrammes  in  air,  and 
9,375  kilogrammes  in  water.     'WTiat  are  the  proportions  of  gold  and 
silver  ?     The  speciiic  gravity  of  gold  =  1 9.2,  of  silver  =:  10.5. 

163.  An  alloy  of  copper  and  silver  weighs  87  kilogrammes  in  the  air, 
and  loses  3.66G  kilogrammes  when  weighed  in  water.  "What  are  the  pro- 
portions of  silver  and  copper  ? 

164.  The  specific  gravity  of  zinc  is  7,  and  that  of  copper  9,  nearly. 
What  amounts  of  zinc  and  copper  must  be  talcen  to  form  an  alloy  weigh- 
ing 50  gram.,  and  having  a  specific  gravity  equal  to  8.2,  assuming  that 
the  volume  of  the  alloy  ia  exactly  the  sum  of  the  volumes  of  the  two 
metals? 

165.  Eequired  the  speciiic  gravity  of  a  mixture  of  13  kilogrammes  of 
sulphuric  acid  and  8  kilogrammes  of  water,  assuming  that  the  specific 
gravity  of  the  acid  is  equal  to  1.84,  and  that  the  volume  of  the  mixture 
is  condensed  j^. 

166.  Into  a  cylindrical  vessel  with  a  horizontal  base  10  c,  m.  in  diame- 
ter, there  are  poured  12kilogrammesof  mercury.  At  what  height  will  the 
liquid  rise  in  the  cylinder?     The  specific  gravity  of  mercury  is  13.596. 

167.  How  much  luercmy  will  a  conical  vessel  hold  which  is  87  c.  m. 
high  and  46  c  m.  in  diameter  at  the  base  ? 

168.  A  cylinder  of  oak  wood  is  30  c,  m.  in  diameter  and  2.5  m.  long  ; 
the  specific  gravity  of  the  wood  is  1,17.  What  is  the  volume  and  the 
weight  of  the  cylinder? 

169.  A  cylindrical  vessel  ia  36.9  cm.  high,  and  24.6  c.  m.  in  diameter, 
interior  measure.  How  much. alcohol  of  specific  gravity  0.863  will  the 
cylinder  contain  ? 

170.  Leaves  of  gold  are  made  only  0.001  m,  m.  in  thickness  ;  the  spe- 
cific gravity  of  gold  equals  19.632.  How  much  surface  can  be  covered 
with  10  gram,  of  gold  ? 

171.  A  cast-iron  ball  weighs  19  kilogrammes  ;  the  specific  gravity  of 
cast-iron  is  7,35.     What  is  the  radius  of  the  ball  ? 

172.  Wliat  is  the  diameter  of  a  platinum  wire  which  weighs  28  gram, 
for  each  melre  of  length  ?     The  specific  gravity  of  platinum  is  22.06. 

173.  A  silver  wire  125  m.  long  weighs  6  gi'am.;  the  specific  gravity  of 
silver  is  10.474     "Wliat  is  the  diameter  of  the  wire  ? 

174.  In  a  capillary  tube  ia  contained  a  column  of  mercury  which  meas- 
ures 13.7  c.  m.  at  0°  C.     What  is  the  diameter  of  the  tube  ? 

175.  A  wire  0.785  m.  long,  and  weighing  0.364  gram,,  loses  0.017  gram, 
wiien  weighed  under  water.     What  is  the  diameter  of  the  wire  ? 
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III.  Characteristic  Properties  of  Gases. 

(149.)  Mechanical  Condition  of  Gase^  — The  peculiar  prop- 
erties of  a  gas  seem  to  depend  on  the  fact,  that  the  lepul&ive 
forces  existing  hetween  its  particles  ai'e  ^leatei  thin  the  attrac- 
tive forces  (78).  Consequently,  the  paiticles  of  a  gas  tend  to 
recede  from  each  other,  and  were  it  not  foi  extraneous  ciuses  tlio 
gas  would  expand  —  so  far  as  is  known  —  indefinitely  into  space. 
Tliis  natural  tendency  of  gases  is  restrained  on  the  suiface  of  our 
globe  by  the  pressure  which  the  atmospheie  exerts  m  coii^fequence 
of  its  weight ;  but  when  this  pros- 
sure  is  removed,  the  expansive  ten- 
dency becomes  at.  once  manifest. 
The  air  which  is  contained  in  the 
India-rubber  bag  (Fig.  253),  for 
example,  is  prevented  from  expand- 
ing by  tlie  pressure  of  the  atmos- 
phere on  its  exterior  surface.  If, 
however,  we  place  the  bag  under 
tlie  receiver  of  an  iir  pump  and 
remove  the  pressure  by  oxliausting 
the  air,  the  bag  will  at  once  ex 
pand ;  and  this  expansion  wdl  ton 
tinue  until  tlio  expansive  tendenLj 
of  the  air  is  balinced  ly  the  dab  t 

ticity  of  the  bag 

The  force  with  which  i  ^i  t  nl"  t  cxpan  1  is  c  died  its  (ew- 
sion ;  and  it  is  evident  that  when  m  i  state  of  re  t  the  tension 
of  a  gas  must  be  exactlj  equal  to  the  picsuie  to  which  it  is  ex- 
posed ;  for  were  thib  not  the  case  the  fori,e  which  w«  in  excess 
would  cause  a  motion  m  the  piiticles,  which  ]&  inconsistent  witli 
the  supposition.  It  appears,  thciefore  that  in  a  gas,  as  in  a 
liquid,  the  particles  are  m  i  condition  of  equilibrium  ;  the  only 
diffei-ence  heing,  that  in  a  liquid  the  equilibrium  exists  between 
the  attractive  and  repulsive  forces  in  the  liquid  itself,  but  in  the 
gas,  between  the  excess  of  repulsive  forces  in  the  body  and  an  ex- 
ternal pressure.  In  consequence  of  this  condition  of  equilibrium, 
the  particles  of  gases  are  endowed  with  perfect  freedom  of  motion, 
and  gases  are  therefore /wirfs  (117).  Moreover,  since  tliey  are 
both  clastic  (77)  and  ponderable  (7),  it  follows  that  all  those 
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properties  which  arc  the  necessary  consequence  of  these  mechan- 
ical conditions  must  belong  to  gases  as  irell  as  to  liquids.  These, 
as  before  (119),  naturally  divide  themselves  into  two  classes: 
first,  those  which  are  independent  of  the  action  of  gravity  ;  and, 
secondly,  those  which  depend  upon  it.  As  these  properties  have 
been  so  fully  discussed  in  the  case  of  liquids,  it  will  only  be 
necessary  to  extend  the  principles  already  established  to  the  case 
of  gases. 

Properties  Common  to  Gases  and  Liquids. 

(150.)  Pressure  which  is  independent  of  the  Action  of  Grav- 
ity, —  Let  us  now  suppose  that  the  vessel  (Fig.  254)  already 
described  (120)  is  filled  with  air,  instead  of  water.  As  tliis  air 
is  in  a  permanent  state  of  tension,  it  will, 
in  conseqiience  of  its  elasticity,  exert  pres- 
■^ure  m  all  directions ;  and  it  is  evident, 
iium  the  same  course  of  reasoning  used 
in  the  ca'ie  of  water  (120),  that  the  pres- 
sures it  exerts  against  the  pistons  a,  b,  c,  d 
wiU  be  pioportional  to  their  areas.  In 
„.   „„  like  manner,  the  same  will  be  true  of  any 

Vig.  26*.  '  "^ 

portion  of  the  interior  sm-face  of  the  ves- 
sel, and  also  of  any  ideal  section  in  the  interior  of  the  vessel.  If 
two  sections  are  equal,  they  will  receive  equal  pressures  ;  if  un- 
equal, the  pressures  will  be  proportional  to  their  areas. 

If  the  air  in  the  interior  of  the  vessel  is  in  the  same  condition 
as  the  external  atmosphere,  it  is  evident,  from  what  has  been 
said,  that  the  pressure  of  the  air  on  the  interior  surface  of  the 
vessel  will  be  exactly  balanced  by  the  pressure  of  the  atmosphere 
on  the  outside.  The  piston,  therefore,  being  pressed  equally  on 
their  inner  and  outer  surfaces,  will  have  no  tendency  to  move. 
This  bemg  the  condition  of  the  air  in  the  vessel,  let  us  suppose 
that  we  condense  theair  still  further,  by  pressing  in  one  of  the 
pistons ;  it  is  evident  that  we  shall  thus  develop  a  greater  elas- 
ticity in  the  particles,  and  each  particle  will  in  consequence  exert 
a  greater  pressure.  The  increased  pressures  now  exerted  against 
the  inner  surfaces  of  the  pistons  will  be  proportional  to  the  num- 
ber of  gaseous  particles  in  cojitaet  with  them,  or,  in  other  words, 
proportional  to  their  areas.  The  pressures  on  the  inner  sur- 
faces being  also  greater  than  those  on  the  outer  surfaces,  the 
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pistoiis  will  tend  to  move  out  with  forces  varying  in  tho  same 
proportion. 

From  these  considerations,  it  appears  that  gases,  like  liquids, 
ircmsmit  pressure  equally  in  all  directions ;  the  only  differenco 
being  this,  that  in  our  experiments  on  gases  we  start  with  a  cer- 
tain initial  pressure  due  to  their  permanent  elasticity.  Gases, 
like  liquids,  will  transmit  pressure  through  long  tubes  and 
through  any  passages,  however  circuitous,  provided  only  that 
there  is  a  line  of  gaseous  particles.  A  good  example  of  this  is 
furnished  by  the  gas-pipes  of  large  cities.  Any  pressure  applied 
at  the  gasometer  is  transmitted  almost  instantaneously  through 
hundreds  of  miles  of  pipe  distributed  in  a  most  circuitous  man- 
ner over  several  square  miles  of  area.  The  close  resemblance 
■which  gases  beai'  to  liquids  is  also  shown  by  the  fact  that  they 
transmit  pressure  from  one  to  the  other  indifferently.  We  shall 
have  occasion  to  notice  several  examples  of  tiiis  farther  on. 

Since  tlie  proof  used  in  (121)  applies  to  gases  as  well  as  to 
liquids,  it  follows  that  the  line  indicating  the  direction  of  the 
pressure  exerted  by  any  gaseous  particle  against  the  section  with 
which  it  is  in  contact,  is  always  a  perpendicular  to  this  section 
at  the  point  of  contact. 

(161.)  Pressure  depending  on  the  Action  of  Gravity.  —  The 
facts  in  regard  to  the  pressure  exerted  by  liquids  in  consequence 
of  their  weight  are,  as  we  found  in  sections  (123)  to  (129),  all 
necessary  consequences  of  the  one  fundamental  property,  that 
they  transmit  pressure  equally  in  all  directions ;  and  it  therefore 
follows,  that  each  of  these  facts  must  be  true  of  gases.  Let  us 
comiuence  with  an  ideal  case.  Suppose  a  closed  cylindrical  ves- 
sel, several  kilometres  high,  filled  with  air  of  tlie  same  density 
through  its  whole  extent,  and  rising  vertically  from  the  surface 
of  the  globe.  It  would  be  tnie  of  such  a  vessel,  that  the  pres- 
sure exerted  by  the  air  on  the  base  of  the  cylinder,  or  on  any  por- 
tion of  its  side,  or,  in  fine,  on  any  section  whatsoever,  would  be 
equal  to  the  weight  of  a  column  of  air,  the  area  of  whose  base  is 
equal  to  the  area  of  the  section,  and  whose  height  is  equal  to  the 
vertical  distance  of  the  centre  of  gravity/  of  the  section  front  the 
top  of  the  cylinder.  Moreover,  the  pressure  on  any  given  sec- 
tion would  be  entirely  independent  of  the  form  or  size  of  the 
Tessel,  provided  only  that  the  height  remained  the  same. 

This  last  circumstance  is  one  of  gi'oat  importance,  because  it 
23 
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enables  us  to  extend  our  conclusions  at  once  to  the  case  of  the 
atmosphere.  The  atmosphere  is  a  mass  of  air  retained  upon  the 
surface  of  the  globe  by  the  force  of  gravitation,  and  rising  to  a 
height  which  is  estimated  approximately  at  forty-seven  kilometres. 
It  is  supposed  to  have,  like  the  ocean,  a  definite  surface,  which, 
■when  at  rest,  is  perpendicular  at  each  point  to  the  direction  of 
gravity.  It  partakes  of  the  rotation  of  the  globe  on  its  axis,  and 
would  remain  at  rest  relatively  to  terrestrial  objects  were  it  not 
for  local  causes,  which  produce  winds  and  disturb  at  each  mo- 
ment its  equilibrium.  Neglecting  these  distiirbances,  we  may 
regard  the  atmosphere  as  a  gaseous  ocean  in  equilibrium  covering 
the  earth  to  a  certain  level,  and  exerting  the  same  effects  of  pres- 
sure as  if  it  were  a  liquid  having  a  very  small  density.  It  fol- 
lows, therefore,  that  each  particle  of  the  air  exerts  a  pressure 
equal  to  the  weight  of  a  vertical  line  of  superincumbent  particles 
rising  to  the  surface  of  the  atmosphere.  This  pressure  will  bo 
constant  on  surfaces  at  the  same  level ;  it  will  increase  as  we  de- 
scend in  the  atmosphere,  and  diminish  as  we  rise  in  it.  At  any 
one  position,  it  will  be  equal  on  surfaces  of  the  same  area,  wlial^ 
ever  may  be  their  direction  ;  and  on  surfaces  of  unequal  ai'ca  it 
will  be  in  proportion  to  the  extent  of  the  areas.  It  will  be  the 
same  in  the  interior  of  any  vessel  or  room  as  in  the  outer  air, 
provided  only  there  is  a  connection  with  the  exterior  atmosphere 
by  some  aperture,  however  small.  Finally,  the  air  will  buoy  up 
all  bodies  immersed  in  it  with  a  force  which  will  be  equal  to  the 
weight  of  the  volume  of  air  displaced.  As  the  validity  of  these 
conclusions  has  already  been  established  in  regai-d  to  hquids,  it 
will  only  be  necessary,  in  tlie  case  of  gases,  to  illustrate  the  gen- 
eral facts  by  a  few  experiments. 

(152.)  Pressure  of  the  Mmosphere.  —  The  pressure  exerted 
by  the  atmosphere  on  aU  bodies  near  the  STirface  of  the  globe  is 
exceedingly  great,  amounting,  as  we  shall  soon  prove,  to  over  one 
kilogramme  on  every  square  centimetre  of  surface,  and  to  about 
16,000  kilogrammes  on  the  surface  of  the  body  of  a  man  of  or- 
dinary stature.  But  since  this  pressure  is  exerted  equally  in  all 
directions,  and  since  the  cavities  of  the  body  are  filled  either  by 
air  or  other  gases,  which  exert  a  pressure  on  the  one  surface  of 
its  delicate  membranes  exactly  equal  to  that  exerted  on  the  other, 
this  great  pressiire  is  not  perceptible,  and  indeed  was  not  known 
to  exist  until  it  was  discovered  by  Torricelli  in  1643.     If,  how- 
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erar,  hy  any  means,  we  can  remove  the  pressure  from  one  sido 
only  of  a  membraue,  then  the  pressure  on  the  other  side  will  be- 
come evident. 

We  can  readily  remove  the  pressure  from  the  interior  surface 
of  a  vessel,  by  removing  the  air  by  means 
of  an  ail  pump  (175),  and  thus  remov- 
ing the  fluid  medium  through  which 
the  pujE&ure  is  transmitted.  For  exam- 
ple it  we  lemove  the  air  from  the  cylin- 
duLol  glT>s  vessel  which  is  represent- 
ed m  Fig  255,  resting  on  the  plate  of 
in  IIP  pump,  we  shall  also  remove  the 
pre&sure  fiom  the  lower  surface  of  the 
thin  animal  membrane  which  covers 
and  closes  the  cylinder  from  above. 
Tlien  the  great  pressure  on  the  upper 
surface,  being  no  longer  balanced,  will 
exert  its  full  effect,  first,  by  depressing 

t _-..nbrane,  and  afterwards  by  bursting  it,  if  it  be  not  too 

strong. 

Tliat  the  pressure  of  the  atmosphere  is  oxcitwl  upnaido  as 
well  as  downwards,  may  be  further  illustrated  by  means  of  tlio 
apparatus  represented  in  Fig.  256. 
It  consists  of  a  glass  vessel  supported 
on  a  tripod  stand,  having  a  large 
opening  below,  and  a  small  tubulature 
above.  The  lower  opening  is  closed 
by  a  ba^  of  India-rubber  cloth,  as 
represented  in  the  figure,  and  the  tu- 
bulature is  connected  with  an  air- 
pump  by  means  of  a  flexible  hose. 
On  exhausting  the  air,  the  bag  is 
pressed  up  into  the  glass  vessel  with 
sufficient  force  to  raise  the  heavy 
weight  which   is    attached   to   it  by  r,-  _  r 

means  of  a  leather  strap.  By  modi- 
fying the  apparatus,  it  is  easy  to  show  that  the  pressure  is 
exerted,  not  only  upwards  and  downwards,  but  also  in  all  direc- 
tions. These  various  forms  of  apparatus,  however,  only  demon- 
strate the  existence  of  pressure.  They  do  not  enable  us  to 
measxiro  it. 
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(153.)  Buoyancy  of  the  Air.  —  The  general  fact,  that  air, 
liko  liquids,  buoys  up  all  bodies  immersed  in  it,  may  be  illus- 
trated by  means  of  the  apparatus 
represented  in  Fig.  257.  It  con- 
sists of  a  closed  globe  suspended 
to  one  arm  of  a  delicate  balance, 
equipoised  by  a  weight  suspend- 
ed to  the  other.  The  two  are  in 
equilibrium  iu  the  air,  but  only 
because  the  globe,  being  larger 
than  the  weight,  is  buoyed  up 
by  a  greater  force.  If,  now,  the 
apparatus  is  placed  xipon  the 
plate  of  an  air-pump  and  covered 
with  a  glass  bell,  we  shall  find, 
on  removing  the  air,  that  the 
globe  will  preponderate,  as  ia 
1  shown  in  the  figure.     By  remov- 

ing the  air,  we  increase  the  ap- 
pireut  weight  both  of  the  globe  and  of  the  counterpoise  by  just 
the  weight  of  the  air  displaced  by  each  ;  but  as  the  globe  is  much 
the  laigest,  we  mciea'^e  its  weight  more  than  that  of  the  smaller 
liass  counterpoise,  and  hence  the  result.  If  we  allow  the  air 
to  le-entei  tlie  bell,  it  will  buoy  up  the  globe,  as  before,  so  much 
moie  than  the  couiiteipoi=fe,  as  to  restore  the  equilibrium. 

(154  )  Weight  of  a  Body  tn  Air.  —  An  important  consequence 
of  the  piinciple  just  lUustiated  is  evident.  The  balance  does  not 
give  us  the  true  relative  weight,  W,  of  a  body,  but  a  slightly  dif- 
feient  weight,  depending  on  the  weight  of  air  displaced  by  the 
body  (compared  with  the  weight  of  air  displaced  by  the  brass  or 
pHtinum  wpights  used  in  weighing.  As  tlie  volume  of  these 
weights  lb  generally  less  than  that  of  the  body,  the  weight  indi- 
cated by  tlie  balance  is  almo'^t  always  too  small ;  but  when  the 
volume  of  the  weights  is  greater  than  that  of  the  body,  the  weight 
indicated  by  the  balance  is  too  large.  When  tlie  two  volumes 
are  equal,  the  balance  will  indicate  the  same  weight  in  air  as  in 
a  vacuum.  It  is  easy  to  ascertain  the  correction  which  it  is 
necessary  to  add  to  or  subtract  from  the  weight  of  a  body  in  air, 
in  order  to  obtain  its  true  weight. 

It  must  be  remembered  that  the  brass  and  platinum  weights 
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which  are  iiscd  in  delicate  determinations  of  weiglit  are  only 
standard  when  in  a  vaeuum  (64).  Let  ns,  then,  represent  the 
s  values  as  follows  ;  — ■ 


W  =  weight  of  tlie  Ijody  in  air  as  estimated  by  standard  weights,  and 
also  the  weight  of  tlie  standard  weights  themselves  in  a 
vacuum. 

V  =  volume  of  the  standard  weights  in  cubic  centimetres. 

V  =  volume  of  the  body  in  cubic  centimetres. 

w    =  weightof  one  cubic  centimetre  of  air  at  the  time  of  the  weighing. 
W  =  weight  of  the  body  in  a  vacuum,  —  which  we  wish  to  find, 
■yfe  can  now  easily  deduce  the  following  values  :  — 

V  w  ■—  buoyancy  of  air  oa  the  weights. 
Vw    =  buoyancy  of  air  on  the  body. 

W  —  V  ic  ^  actual  weight  of  standard  weights  in  air. 

W  —  Vw  :=  actual  weight  of  body  in  air. 
Since  these  weights  just  balanced  each  other,  we  have 

W—Vw=^W'—Vw,  or  W=W'-\-wiV—V').  [91.] 
The  correction  vj  (  F —  F'),  which  must  be  made  to  the  weight 
determined  by  a  balance  in  air  in  order  to  obtain  the  weight  in  a 
vacuum,  is  evidently  additive  when  the  volume  of  the  body  is 
greater  than  that  of  the  weights,  and  subtractive  when  these  con- 
ditions are  reversed.  "When  the  volumes  are  equal,  the  correc- 
tion becomes  0. 

In  all  ordinary  cases  of  weighing,  the  correction  is  so  small 
that  it  may  he  neglected  without  sensible  error ;  but  it  becomes 
of  the  greatest  importance  iu  determining  the  weight  of  a  gas. 
lu  such  cases,  we  have  to  determine  the  weight  of  a  large  glass 
globe  when  completely  vacuous  and  when  filled  with  gas  ;  and  it 
not  unfrequently  happens  that  the  buoyancy  of  the  air  is  greater 
than  the  weight  of  the  gas  itself,  and  it  is  always  a  considerable 
part  of  it.  If  the  buoyancy  of  the  air  is  the  same  when  the 
globe  is  weighed  in  its  vacuous  condition  and  when  filled  with 
gas,  it  would  not  affect  the  weight  of  the  gas,  which  would  be 
obtained  by  subtracting  the  first  weight  from  the  last.  But, 
unfortunately,  the  buoyancy  is  constantly  changing ;  and  it  is 
therefore  necessary  to  determine  the  amount  carefully  at  each 
weighing,  and  reduce  the  weights  of  the  globe  in  the  two  condi- 
tions to  wliafc  they  would  be  if  the  experiments  had  been  made 
in  a  vacuum. 

23* 
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When  the  temperature  is  0"  C.  and  tlie  barometer  stands  at 
76  c.  m.,  and  when  the  air  contains  neither  vapor  of  water  nor 
carbonic  acid,  w  is  equal  to  0.001293  gram.  Were  the  atmos- 
phere always  in  this  condition,  nothing  would  be  easier  than  to 
calculate  the  actual  weight  of  a  body  from  the  weight  found  by 
weighing  in  this  normal  atmosphere.  But  this  is  far  from  being 
the  case  ;  for  the  temperature,  the  pressure,  and  the  composition 
of  the  atmosphere  are  changing  at  each  moment,  and  the  value 
of  le  varies  with  all  these  atmosphei-ic  changes.  We  shall  here- 
after show  in  what  way  the  value  of  w  may  be  ascertained,  at  any 
given  time,  when  the  condition  of  the  atmosphere  is  known. 

It  is  frequently  possible  to  conduct  the  process  of  weighing  in 
sucli  a  way  that  the  correction  for  the  buoyancy  of  the  atmos- 
phere, always  some- 
what uncertain,  may 
be  avoided.  For  ex- 
ample, in  weighing 
a  gas,  instead  of 
equipoising  the  glass 
globe  when  empty, 
by  means  of  ordina- 
ry weights,  we  may 
equipoise  it  by  means 
of  a  second  globe, 
hermetically  closed, 
and  having  tho  same 
volume  as  the  first, 
in  the  manner  repre- 
sented in  Fig.  258. 
It  is  evident  that  in 
this  case,  whatever 
may  be  the  buoyancy 
of  the  atmosphere,  it 
will  equally  aiTect  both  globes,  and  we  shall  only  have  to  consider 
tlie  buoyancy  of  the  air  on  the  small  weights  necessary  to  restore 
the  equilibrium  after  the  globe  is  filled  with  the  gas  to  be  weighed ; 
but  this  is  so  small  that  it  may  always  be  neglected. 

(155.)  Balloons.  —  If  tho  weight  of  a  body  is  less  than  that  of 
the  gas  which  it  displaces,  it  is  evident  that  the  body  will  rise  in  the 
gas  J  and  hence  the  phenomena  of  floating  bodies,  which  we  have 
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already  stiidied  in  the  case  of  liquids  (140),  miist  be  repeated  in 
the  case  of  gases.  It  is  not  difficult  to  constmct  a  body  which 
shall  be,  taken  as  a  whole,  specifically  lighter  than  air,  and  which 
will  therefore  rise  in  the  atmosphere  as  wood  rises  in  water.  Hy- 
drogen gas  is  14|  times  lighter  than  air,  and  by  enclosing  a  large 
volume  of  this  gas  in  a  light  bag  made  of  oiled  silk,  called  a 
balloon,  we  shall  have  a  body  which  will  displace  a  weight  of  air 
much  greater  than  its  own  weight.  For  example,  let  us  suppose 
tliat  the  balloon,  when  fully  inflated,  forms  a  sphere  two  me- 
tres in  diameter.  It  is  easy  to  calculate  that  it  will  contain 
4.1887902  m.=  of  hydrogen,  which  will  weigh  374.436  gram. 
Neglecting  the  volume  occupied  by  the  material  of  the  balloon, 
it  will  displace  an  equal  Yoliune  of  air,  weighing  5,418.75  gram. 
The  difference  between  these  weights,  or  5,044.31  gram.,  will 
represent  the  excess  of  the  buoyancy  of  the  air  over  the  weight 
of  tlie  hydrogen  ;  and  hence,  if  the  balloon  and  its  attachments 
weigh  less  than  this,  it  will,  when  inflated  with  hydrogen,  rise  in 
the  atmosphere.  The  difference  between  the  -weight  of  the  bal- 
loon inflated  with  hydrogen  and  that  of  the  air  displaced  by  it  is 
termed  the  ascensional  force  of  tlie  balloon.  If  the  balloon  is 
ten  metres  in  diameter,  and  weighs  100  kilogrammes,  it  would 
have  an  ascensional  force  of  530.5  kilogrammes,  and  therefore 
sufficient  to  raise  a  car  with  several  passengers  into  tlie  atmos- 
phere. 

In  practice,  a  balloon  is  never  at  first  more  than  two  thirds  filled 
■with  hydrogen ;  because,  as  it  rises  in  the  atmosphere,  the  gas 
rapidly  expands,  and  it  is  necessary  to  allow  for  this  expansion. 
Moreover,  the  hydrogen  used  is  mixed,  to  a  greater  or  less  extent, 
with  air  and  vapor,  which  greatly  increase  its  weight.  These  causes 
diminish  the  ascensional  force  to  such  an  extent,  that  in  practice 
the  ascensional  force  of  a  balloon  ten  metres  in  diameter  would 
not  be  more  than  one  half  of  what  it  is  estimated  above. 

Since  the  introduction  of  coal-gas  as  an  illuminating  material, 
this  is  almost  exclusively  used  for  inflating  large  balloons.  The 
specific  gravity  of  this  gas  is  on  an  average  about  0.5,  and  it  is 
only,  therefore,  about  twice  as  light  as  air.  Hence,  in  order  to 
obtain  the  same  ascensional  force  with  coal-gas  as  with  hydrogen, 
it  is  necessary  to  use  very  much  larger  balloons.  "When  the  spe- 
cific gravity  of  a  gas  is  ^ven,  it  is  easy  to  calculate  the  ascensional 
force  which  in  any  given  case  may  bo  obtained  with  it. 
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Let  us  represent  by  d  and  d'  the  specific  gravities  of  air  and 
the  gas  to  be  iised,  refen-ed  to  water  [58] ;  by  W,  the  weight  of  tlie 
material  of  tlie  balloon  and  its  attaeliments ;  and  by  V,  its  volume 
when  inflated.  Then,  by  [56],  we  have  for  the  weight  of  the 
gas  in  grammes  Vd',  and  for  the  weight  of  the  air  it  displaces  Yd. 
Neglecting,  for  the  moment,  the  weight  of  the  balloon  itself,  wo 
should  have  for  the  ascensional  forco  V^d^d').  Subtracting 
the  weight  of  the  balloon  and  its  attachments,  we  have,  for  the 
total  ascensional  force  F, 

F=V(id  —  d')-~W.  [92.] 

If  the  balloon  is  a  sphere  of  which  R  is  the  radius,  then  we 
should  have  for  the  value  of  F,  when  the  balloon  was  fully  in- 
flated, ^  TT  Ji",  and  for  the  valiie  of  F, 

F=^itR'id~d')—  W.  [93.] 

When  the  gas  used  is  pure  hydrogen,  d  =  0.00129363,  and  d'^ 
0.00008939.  Substituting  these  values,  and  also  for  n  its  well- 
known  value,  the  expression  becomes 

F=  0.00504431  W—  W,  [94.] 

in  which  R  stands  for  a  certain  number  of  centimetres,  and  W 
for  a  certain  number  of  grammes. 

As  we  live  at  the  bottom  of  the  ocean  of  air  which  surrounds 
the  globe,  we  cannot,  from  the  nature  of  the  case,  imitate  with  it 
the  condition  of  a  vessel  floating  on  the  surface  of  the  water ; 
hut  with  other  gases  this  condition  of  things  may  be,  at  least  in  a 
small  way,  very  nearly  approached. 

The  lai^  fermenting-vats  of  breweries  and  distilleries  are  al- 
most constantly  filled  with  carbonic  acid  gas,  which,  being  heav- 
ier than  the  air,  remains  in  the  tank,  and  has  a  surface  like  that 
of  water,  although  it  is  not  quite  so  definite.  By  exploding  a 
little  gunpowder  in  the  gas,  and  thus  filling  it  with  smoke,  the 
surface  becomes  distinctly  visible.  A  very  illustrative  experiment 
can  be  made  at  such  vats,  by  allowing  soap-bubbles,  blown  with  a 
common  tobacco-pipe,  to  fall  on  the  gas  thus  clouded.  They  will 
for  a  few  momenta  float  on  the  surface,  and  illustrate  in  a  most 
striking  manner  the  analogy  between  gases  and  liquids. 
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Differences  between  Liquids  and  Gases. 
(156.)  We  shall  fail  to  give  an  accurate  idea  of  the  nature 
of  a  gas,  if,  after  having  dwelt  upon  the  analogies  between  liquids 
and  gases,  we  do  not  point  out  those  qualities  which  distinguish 
these  two  conditions  of  matter, 

1.  Difference  of  Specific  Gravity.  —  The  most  obvious  differ- 
ence between  gases  and  liquids  is  to  be  found  in  their  relative 
weight.  A  litre  of  water  weighs  1,000  grammes,  and  the  weight 
of  the  same  volume  of  other  liquids  varies  from  600  to  3,000  ■ 
grammes,  leaving  out  of  account  mercury  and  other  metals,  when 
ill  a  melted  state,  which  are  much  heavier.  Between  these  limits 
we  find  almost  every  possible  gradation.  One  liti'e  of  air  weighs 
1.294  gram,,  and  the  weight  of  one  litre  of  other  gases  varies 
between  0.089  gram,  and  20  gram.  There  is,  therefore,  a  wide 
gap  between  the  lightest  liquid  and  the  heaviest  gas,  but  yet 
this  difference  is  one  entirely  of  degree  ;  and  although  this  gap 
is  not  filled  by  any  known  substance  in  its  normal  condition  on 
the  globe,  yet  Natterer,  in  his  experiments  on  the  condensation  of 
gases,*  must  have  had  atmospheric  gas  in  every  degree  of  density 
between  its  ordinary  density  and  that  of  water. 

2.  Compressibility.  —  Gases  are  also  distinguished  from  liquids 
by  being  far  more  compressible.  When  by  means  of  a  piston  we 
attempt  to  condense  a  liquid,  we  find  that  we  can  only  reduce  its 
volume  very  slightly.  But  this  almost  insensible  diminution  of 
volume  develops  a  veiy  great  elasticity  ;  for  it  is  only  necessary 
to  reduce  the  volume  one  forty-five-millionth  to  produce  a  resists 
ance  equal  to  the  pressure  of  our  atmosphere.  It  is  different  with 
gases.  When,  for  example,  we  press  down  a  piston  into  a  cylinder 
containing  air  (Pig.  51),  it  is  necessary  to  reduce  the  volume  to 
one  half  in  order  to  double  the  resistance,  and  to  one  third  in 
order  to  treble  it.  As  the  pressure  is  increased,  the  volume  of  a 
gas  is  diminished  almost  in  the  same  proportion ;  as  the  pressure 
is  diminished,  on  tlie  other  hand,  the  volume  of  the  gas  is 
proportionally  increased.  For  tliis  reason,  gases  are  frequently 
called  compressible,  and  liquids  incompressible  fluids ;  but  here 
again  the  difference  is  one  of  degree  rather  than  of  kind. 

Tliis  difference  of  compressibility  gives  rise  to  an  important  dif- 

*  roggendotff,  Annalcn,  XCIV.  436. 
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fereiice  of  condition  between  the  atmosphere,  regarded  as  an 
oceaii  of  gas,  aiid  the  liquid  oceans  of  our  globe.  As  we  de- 
scend in  the  ocean,  although  the  pressure  increases  with  great 
rapidity,  yet  the  density  of  the  water  is  not  materially  increased. 
It  is  very  different  with  the  atmosphere.  As  we  rise  in  this  ocean 
of  gas,  the  air  becomes  less  dense  in  proportion  as  the  pressure  is 
diminished,  and  when  at  a  height  of  about  5,520  m.  the  pressure  is 
reduced  one  half,  tlie  density  is  also  reduced  one  half.  On  the 
other  hand,  when  we  descend  into  mines,  and  the  pressure  from 
above  is  increased,  the  density  of  the  air  incret^es  in  the  same 
proportion.  The  atmosphere  does  not,  tlierefore,  like  tlie  sea, 
consist  of  a  fluid  of  nearly  -oniform  density  throughout,  but  its 
density  very  rapidly  diminishes  as  we  rise  above  the  surface  of 
the  globe.  It  would  not,  then,  be  possible  to  have  a  cylin- 
drical vessel  filled  with  air  of  unifonn  density  throughout  its 
whole  height,  as  we  supposed  in  (151).  Such  a  condition  of 
things  is  wholly  ideal,  and  wiw  introduced  merely  for  the  sake 
of  illustration.  Were  the  atmosphere,  like  the  sea,  of  nearly 
uniform  density,  its  height  would  bo  only  about  eiglit  kilome- 
tres, instead  of  forty-seven,  as  already  stated.  The  pressure 
exerted  by  such  an  ideal  fluid  would  be  precisely  the  same  as 
that  exerted  by  the  atmosphere  ;  so  that,  while  merely  studying 
the  pressure  on  the  surface  of  the  earth,  we  may  conceive  of  the 
pressure  as  exerted  by  a  fluid  of  \iniform  density,  without  com- 
mitting any  material  error  ;  but  it  must  be  remembered  that  the 
real  state  of  the  case  is  very  different.  We  shall  return  to  this 
subject  in  a  future  section. 

8.  Permanent  Elasticity.  —  We  have  already  dwelt  at  some 
length  on  tliis  property  of  gases,  which  distinguishes  them  pre- 
eminently from  liquids  (149)  ;  but  even  here  the  difference  is 
not  so  strongly  mai'ked  as  it  would  at  first  sight  seem.  A 
simple  experiment  will  illustrate  this  point,  and  at  tlie  same 
time  make  the  distinction  between  the  two  fluid  conditions  of 
matter  clearer. 

Let  us  take,  then,  a  volume,  V,  of  water,  contained  in  a  vessel 
of  much  greater  capacity,  and  let  us  suppose  that  its  temperature 
is  100°,  and  that  it  is  exposed  to  a  given  pressure,  for  example 
of  ten  atmospheres.  If,  now,  we  diminish  the  pressure  succes- 
sively by  one  atmosphere  each  time,  the  voUime  V  will  increase  by 
a  very  small  amount,  represented  by  V (i,  at  each  operation.     M 
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soon,  however,  as  the  pressure  is  reduced  to  one  atmosphere,  this 
law  of  espansion  ceases  abruptly,  and  the  water,  without  any 
intermediate  transition,  takes  a  vohime  1,200  times  greater  than 
before,  changing  into  a  gas  having  all  the  properties  of  air,  and 
preserving  these  properties  at  any  pressure  less  than  one  at- 
mosphere. 

We  may  now  reverse  this  experiment.  Let  us,  then,  increase 
the  pressure  upon  tins  gas  formed  by  water  ;  we  shall  find  that, 
when  the  pressure  is  doubled,  the  volume  of  the  gas  will  he  re- 
duced one  half,  but  as  soon  as  the  pressure  exceeds  one  atmos- 
phere it  will  suddenly  take  a  volume  1,200  times  smaller  than  be- 
fore, and  a  density  1,200  times  greater,  collecting  in  the  lower  part 
of  the  vessiJl  in  a  liquid  form.  After  this,  it  can  be  compressed 
but  very  slightly  by  increasing  pressures.  We  have  taken,  as  an 
example,  water  at  100°,  because  the  change  of  state  which  it 
undergoes  at  this  temperature  is  a  familiar  fact  to  every  one. 
We  might  have  cited  sulphurous  acid  gas,  which  liquefies  at 
— 10°,  or  carbonic  acid  gas,  which  liquefies  at  — 78°  ;  but  what- 
ever might  be  the  body  examined,  the  result  would  be  the  same. 

What  has  now  been  stated  in  regard  to  gases  may  be  summed 
up  in  a  few  words.  They  are  bodies  constituted,  like  liquids,  of 
molecules  which  repel  each  other,  bodies  which  transmit  pressure 
equally  in  all  directions,  which  arrange  themselves  under  the  influ- 
ence of  gravity  in  strata  whose  density  and  elasticity  increase  as  we 
descend,  which  buoy  up  all  bodies  immersed  in  them  with  a  force 
equal  to  the  weight  of  the  fluid  displaced,  and  in  which  the  laws 
of  the  equilibrium  of  floating  bodies  are  reproduced.  These  are 
the  analogies.  On  the  other  haud,  they  are  bodies  having  a  very 
small  density,  obeying  a  special  law  of  compressibility,  and  which, 
when  submitted  to  a  sufiicient  pressure,  change  into  liquids.* 
Such,  then,  are  the  characteristic  properties  of  gases  ;  but  before 
studying  these  more  in  detail,  we  must  consider  the  mode  by 
which  the  pressure  of  a  gas  may  be  accurately  measured. 

THE    llAnOMETEB. 

(157.)  Experiment  of  Torricelli.  —  Before  the  middle  of  the 
seventeenth  century,  the  phenomena  which  we  now  refer  to 
the  pressure  of  the  air  were  explained  by  a  principle  invented 

*  Wo  shall  hereafter  lown  that  there  ate  some  gases  wliich  have  not  been  liquefied. 
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by  the  Aristotcleans,  namely,  that  "  Nature  abhors  a  v 
These  ancient  philosophers  noticed  that  space  was  always  filled 
with  some  material  substance,  and  that,  the  moment  a  sohd  body- 
was  removed,  air  or  water  always  rushed  in  to  fiU  the  space  thus 
deserted.  Hence  they  concluded  that  it  was  a  universal  law  of 
nature  that  space  could  not  exist  unoccupied  by  matter,  and  the 
phrase  just  quoted  was  merely  their  figurative  expression  of  tliis 
idea.  When,  for  example,  the  piston  of  a  common  pump  was 
drawn  up,  the  rise  of  the  water  was  explained  by  declaring  that, 
as  from  the  nature  of  tilings  a  vacuum  coxdd  not  exist,  the  water 
necessarily  filled  the  space  deserted  by  the  piston. 

This  physical  dogma  served  the  pui-poses  of  natural  philosophy 
for  two  thousand  years,  and  it  was  not  until  the  sevefiteenth  cen- 
tury that  men  discovered  any  limit  to  Nature's  horror  of  a  vacuum. 
Even  as  late  as  1644,  Mersenne  speaks  of  a  siphon  which  shall 
go  over  a  mountain,  being  then  ignorant  that  the  effect  of  such  an 
instrument  was  limited  to  a  height  of  ten  metres.  This  limit 
appears  to  have  been  firet  discovered  by  Galileo.  Some  Floren- 
tine engineers,  being  employed  to  sink  a  pump  to  an  unusual 
depth,  found  tliat  they  could  not  raise  wafer  higher  than  ten  me- 
tres in  the  bai-rel.  Galileo  was  consulted,  and  he  is  said  to  have 
replied,  that  Nature  did  not  abhor  a  vacuum  above  ten  metres. 
However  tiiis  may  be,  it  appears  that  Galileo  did  not  understand 
the  cause  of  the  phenomenon,  although  he  had  previously  taught 
tliat  air  has  weight ;  and  it  was  left  for  his  pupil,  Torricelli,  to 
discover  the  true  explanation.  TomcelU  reasoned  that  the  force, 
whatever  it  is,  which  sustains  a  column  of  water  ten  metres  high 
in  a  cylindrical  tube,  must  be  equivalent  to  the  weight  of  the  mass 
of  water  sustained ;  and  consequently,  if  another  liquid  were 
used,  heavier  than  water,  the  same  force  could  only  sustain  a 
column  of  proportionally  less  height.  The  weight  of  mercury 
being  13^  times  greater  than  that  of  water,  Torricelli  argued  that, 
if  the  force  imputed  to  the  abhorrence  of  a  vacuum  could  sustain 
a  column  of  water  10  metres  high,  it  could  only  sustain  a  column 
of  mercury  IH  times  lower,  or  about  76  c.  m.  high.  This  led  to 
the  foUowhig  experiment,  which  has  since  become  so  celebrated 
in  the  history  of  science. 

Torricelli  took  a  long  glass  tube,  open  at  one  end,  such  as  d  e, 
Pig.  259,  and,  having  filled  it  with  mercury,  closed  the  open  end 
with  his  thumb,  aiid,  inverting  the  tube,  plunged  this  end  into 
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a  basin  of  mercury.     On  removing  his  tlnimb,  tlie  mercury,  in- 
stead of  remaining  in  tlie  tube,  fell,  as  he  expected,  and  after 
a  few  oscillations  came  to  rest  at  a  height  of  about  76  c.  m. 
above  the  level  of  tlie  niercuiy 
in  the  basin.     The   correctness 
of  his  induction  having  been  thus 
completely    verified,     Torricelli 
soon  discovered  tlie  real  natixre 
of  the  force  which  sustained  lioth 
the  water  in  the  pump  and  the 
mercury  in  his  tube. 

This  experiment  excited  a 
great  sensation  among  the  sci- 
entific men  of  Europe  ;  but,  as 
might  have  been  expected,  the 
explanation  given  of  it  by  Torri- 
celli was  very  generally  rejected. 
It  was  opposed  to  a  long-estab- 
lished dogma,  and  Nature's  hor- 
ror of  a  vacuum  could  not  be 
so  easily  overcome.  Tlie  cele- 
brated Blaise  Pascal,  however, 
had  the  sagacity  to  perceive  the 

force   of   Torricelli's   reasoning,  _ 

and   devised    an    expermentum  r    _  j 

crucis  which  put  an  end  to  all 

controversy  on  the  subject.  "If,"  said  Ta'^cil,  '  it  be  leilly  the 
weight  of  the  atmosphere,  under  which  we  Int,  that  suppoits  the 
column  of  mercury  in  Torricelli's  tube,  we  shall  find,  by  trans- 
porting this  tube  upwards  in  the  atmosphere,  that  in  proportion 
as  it  leaves  below  it  more  and  more  of  the  air,  and  has  conse- 
quently less  and  less  above  it,  there  will  be  a  less  column  sus- 
tained in  the  tube,  inasmuch  as  the  weight  of  the  air  above  the 
tube,  which  is  declared  by  Torricelli  to  bo  the  force  which  sus- 
tains it,  will  be  duninished  by  the  increased  elevation  of  tlie 
tube."  *  Accordingly,  Pascal  carried  the  tube  to  the  top  of  a 
church-steeple  in  Paris,  and  observed  that  the  height  of  tlie 
mercury  in  the  tube  fell  slightly ;  but,  not  satisfied  with  this 


*  Lordncr's  Uard-Book  of  Natural  rhilosopiiy. 
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result,  lie  wrote  to  his  brothcr-iii-law,  w!io  lived  noav  the  high 
mountain  of  P\iy  de  Dikne,  in  Aiivergne,  to  make  tlio  experiment 
theie,  nheie  tlie  re'^ult  would  be  more  decisive.  "  You  see,"  lie 
wiites,  "  that  if  it  hippeus  tint  the  height  of  the  mercury  at  the 
top  ot  tlie  hill  Lp  less  than  at  tlie  bottom,  (which  I  have  many 
leasoni  to  believe,  though  ill  thc^e  who  have  thought  about  it 
are  ot  a  different  opinion,^  it  will  follow  that  the  weight  and 
pte&sure  of  tlie  air  aie  the  sole  cau-ie  of  this  suspension,  and  not 
the  horror  of  a  lacuum  since  it  is  very  certain  that  there  is 
more  aii  to  weigh  on  it  at  the  bottom  than  at  the  top ;  while  we 
cannot  say  that  Natuie  abhors  a  -^aeuum  at  the  foot  of  a  moun- 
tain more  than  on  its  summit."  M.  Perrier,  Pascal's  cor- 
respondent, made  the  observation  as  he  desired,  and  found  a 
difference  of  nearly  eight  centimetres  of  mercury,  "which,"  he 
replies,  "  ravishecl  us  with  admiration  and  astonishment."  * 

Pascal  still  further  Taried  and  extended  the  original  experi- 
ment of  Torricelli,  and  deduced  the  theory  of  the  equilibrium  of 
liquids  and  gases,  which  he  left  almost  perfect. 

(158.)  Theory  of  the  Barometer.  —  It  is  hardly  necessary 
to  state  that  the  tube  of  Torricelli  is  the  instrument  which  ia 
now  so  well  known  as  the  Barometer.  This  name,  indeed,  is  de- 
rived from  two  Greek  words,  ^apv<;  and  /lerpov,  which  indicate 
its  use  as  a  measure  of  the  pressure  of  the  air.  The  theory  of 
the  barometer  can  be  readily  deduced  from  the  principles  of  the 
equilibrium  of  fluids,  already  established.  The  mercury  ia  sus- 
tained in  the  tube  by  the  pressure  of  the  air  on  the  surface  of 
the  mercury  in  the  basin.  Let  us  consider  how  much  of  this 
pressure  is  effective  in  producing  the  result. 

Consider,  then,  a  section  made  across  the  tube  at  the  level  of 
the  mercury  in  the  basin.  All  the  liquid  below  this  level  is  evi- 
dently in  equilibrium  (130  and  131).  Represent  the  area  of 
the  surface  of  the  mercury  in  the  basin  by  S',  and  that  of  the 
section  of  the  tube  by  .S.  The  pressure,  £',  exerted  by  the  air  on 
S',  is  transmitted  through  the  liquid  mercury  to  S.  The  pressure 
thus  exerted  on  the  under  face  of  the  section  will  be,  by  [77],  as 
many  times  less  than  J'  as  S  is  less  than  S',  or  iF  :  JT'  =  S  :  S', 
and  #  =  5'  I; .    For  example,  if  S'  =  100  c:m=  and  S  =  1  c.lin'. 


e  Wliewcll'a  History  of  tlio  Indnctive  Sciences,  Vol.  II.  pp.  67,  68. 
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then  ir  =  f'-,ij.  Tlio  pressure,  tliereforc,  -oliicli  is  exerted  by 
the  air  on  tile  lower  face  of  tliis  section  is  the  same  as  tlmt  ei- 
erted  oo  any  portion  of  tlie  surface  of  the  mercury  in  the  basin, 
of  equal  area.  As  tliis  pressure  just  sustains  a  column  ot  mer- 
cury Those  height  m  may  represent  by  H,  it  is  eridently  just 
equal  to  the  pressure  eierted  by  this  column  on  the  upper  side 
ot  the  same  section.  But  by  [78]  this  pressure  is  equal  to 
M  S .  (Sjj.Gr.)-  Substituting,  then,  for  Sp.  Or.,  the  itdue  for 
mercury  at  0',  or  13.596,  we  have  tor  the  pressure  of  the  air  on  a 
given  surface,  S,  tlie  value, 

1  =  13.596  .S.ll,  [85.] 

in  which  II  denotes  the  height  of  the  mercury  in  the  barometer 
at  0'.  For  any  otlior  height  wo  should  have  f  =13.596.  S  .  B', 
and,  comparing  the  two  equations,  we  obtain 

i:i'  =  H:  H';  [96.] 

that  is,  the  pressure  of  the  air  on  a  given  surface  is  proportional 
to  the  height  of  the  barometer  column.  We  may,  therefore,  use 
the  hoiglit  of  the  barometer  as  a  measure  ot  the  pressure,  m  the 
same  way  that  we  use  an  arc  as  a  measure  of  an  angle,  or  weight 
as  a  measure  of  mass.  The  height  is  not  the  same  sort  of  quan- 
tity as  the  pressure,  but  it  is  sufSoient  for  any  measure  that  it 
should  be  proportional  to  the  quantity  measured.  It  is  there- 
fore customary  to  speak  of  the  pressure  of  the  air  as  amounting 
to  so  many  centimetres  of  mercury ;  meaning  thereby,  that  it 
will  support  a  column  of  mercury  of  that  height.  The  use  of 
the  barometer  is  not  confined  to  measuring  the  pressure  exerted 
by  the  atmosphere.  We  may  use  it  tor  measuring  the  pressure 
exerted  by  any  gas ;  and  here,  as  before,  we  speak  of  the  pres- 
sure as  amomiting  to  so  many  centimetres  ot  mercury.  When 
the  pressure  is  equivalent  to  seventy-six  centimetres  of  mercury, 
wo  say  that  it  is  equal  to  one  atmosphere.  When  two,  three,  or 
four  times  as  great  as  this,  we  say  that  it  is  equal  to  two,  three, 
or  four  atmospheres. 

It  is  always  easy  to  reduce  pressure  expressed  in  centimetres 
ot  mercury  to  weight.  For  this  purpose,  it  is  only  necessary  to 
substitute  to  [95]  the  values  of  H  and  S  in  the  given  case,  and 
the  result  will  be  the  amount  of  pressure  in  grammes.  For  ex- 
ample, in  the  air  tlic  height  ot  tlio  barometer  column  is,  on  the 
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average,  76  c.  m.  Substituting  this  value,  and  also  for  »§,  1  cThi,', 
wc  obtaiu 

£  =  1,033.296  gram. ;  [9T.] 

whicli  is  the  pressure  exerted  by  the  atmosphere  on  every  square 
centimetre  of  surface.  The  height  of  the  barometer  column  varies 
on  the  surface  of  the  earth  from  about  72  c.  m.  to  78  c.  m.,  and 
hence  the  pressure  on  the  square  centimetre  varies  from  978.9 
grammes  to  1,060.5  grammes.  The  total  pressure  exerted  by  the 
atmosphere  on  large  objects  is  therefore  exceedingly  great ;  that 
on  a  man  of  ordinary  stature  amounts,  as  already  stated,  to  about 
16,000  kilogrammes. 

Having  studied  the  theory  of  the  barometer,  ive  will  now  ex- 
amine a  few  of  the  most  useful  forms  of  the  instrument,  pre- 
mising that  the  essential  parts  are  a  tube  over  seventy-six 
centimetres  long,  a  basin  of  mercury,  and  a  graduated  scale 
for  determining  the  height  of  the  column. 

(159.)  RegnauU's  Barometer.  —  The  simplest  and  most  accu- 
rate form  of  the  barometer  is  the  one  represented  in  Fig.  260, 
which  was  invented  by  Regnault.  The  basin  of  mercury  is 
formed  by  an  iron  trough,  which  is  diidded  by  a  partition  into 
two  parts;  but  the  pai"tition  does  not  rise  to  the  top  of  the  trough, 
and  is  covered  by  the  mercury  which  fills  the  basin.  The  basin 
is  supported  on  a  shelf,  attached  to  the  lower  part  of  a  wooden 
plank,  to  which  the  glf^s  tubes  are  securely  fastened  by  means 
of  clamps.  This  plank  is  itself  immovably  fastened  to  a  brick 
wall.  The  barometer  tube  at  the  left  of  the  figure  dips  into  the 
left-hand  compartment  of  the  trough.  The  tube  on  the  right  is 
called  a  manometer,  and  its  use  will  soon  be  explained.  The 
height  of  the  mercury  in  the  barometer  is  measured  by  means  of 
Uie  cathetometer,  represented  on  the  right-hand  side  of  tlie  fig- 
ure, which  is  placed  on  a  firm  support  in  front  of  the  instrument. 
In  order  to  obtain  the  meas\ire  with  the  greatest  possible  accu- 
racy, a  vertical  screw,  M,  with  two  points  and  of  a  known  length, 
is  attached  to  the  basin,  as  represented  in  the  figure.  At  tlie  mo- 
ment of  observation,  we  lower  the  screw  by  turning  it  on  its  axis 
until  the  lower  point  just  touches  the  mercury.  This  contact  can 
be  obtained  with  the  most  perfect  precision,  for  until  it  takes  place 
the  observer  sees  at  the  same  time  the  point  and  its  image  reflect- 
ed by  the  mercury.     The  two  seem  to  approach  each  other  until 
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contact  is  attained  and  tlie  '■urface  of  the  mercury  is  seen  de- 
pressed tlie  moment  tins  point  is  passed.     The  contact  obtained, 


1%  3m 


;  the  distance,  with  the  cathetometer,  between  the 
upper  surface  of  the  mercury  in  tlie  tube  and  the  upper  point  of 
the  screw,  and  we  have  only  to  add  to  this  length  the  known 
length  of  the  screw.  Of  all  barometers  this  one  is  the  simplest, 
and  of  all  methods  of  measuring  the  height  of  the  column  the 
one  just  described  is  the  best.  We  thus  measure  directly  the 
vertical  height,  and  it  is  no  matter  whether  tlic  instrument  is  in- 
24* 
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clined  or  not.  We  tliiis  avoid  instrumental  errors  ;  and,  more- 
over, witli  a  good  catlietometer,  tlie  difference  of  level  can  lie 
determined  within  the  iiftieth  part  of  a  millimctro. 

(160.)  Barometer  of  Fortm.  —  It  is  not  always  possible  to 
fix  a  barometer  permanently  to  a  wall  in  the  way  just  described. 
For  example,  in  using  the  instrument 
for  measuring  the  heights  of  moun- 
tains, it  is  necessary  that  it  should  be 
portable  ;  and  without  diminishing 
materially  the  accuracy,  it  is  impor- 
tant to  simplify  the  method  of  meas- 
uring the  height  of  the  mercury 
column.  The  barometer  of  Fortin 
(Fig.  261)  satisfies  completely  all 
these  requirements.  The  glass  tube 
is  enclosed,  for  protection,  in  a  brass 
case,  towards  the  upper  part  of  which 
two  longitudinal  o- 
penni(5=!  iie  provided 
oppo'-ite  to  each  oth- 
ei  for  obsei-ving  the 
height  of  the  mercu- 
ry column,  by  means 
of  a  scale  graduated 
on  the  ca^e,  as  rep- 
resented m  Fig.  262. 
Aveinier,BC,  moves 
up  ind  down  in  the 
opening,  and  its  po- 
sition can  be  care- 
fully regulated  by 
meano  of  the  rack 
and  pinion  work  represented  in  tlie  figure.  To  the  lower  end  of 
the  case  is  fastened,  by  a  screw,  the  reservoir  of  mercury,  in 
which  the  glass  tube  dips,  as  represented  in  Fig.  263.  This 
reservoir  is  formed  principally  by  a  cylinder  of  glass  cemented  at 
both  ends  to  wooden  caps  surmounted  by  brass  moiuitings,  which 
last  are  kept  in  place  by  three  long  screws  (Fig.  261).  The 
bottom  of  the  reservoir  is  formed  by  a  leathern  bag,  m  n  (Fig. 
263),  wliich  can  be  raised  or  lowered  by  tlie  screw  C.     To  tlic 
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cover  of  tho  cylinder  is  fastened  an  ivory  pin,  a,  whoso  point 
corresponds  exactly  to  the  zero  of  the  scale  graduated  on  the 
case.    The  reservoir  is  closed  above,  also,  by  a  leathern  cover, 
firmly  tied  both  to   the  glass   tube  and  the 
wooden  cap,  which,  while  it  prevents  the  mer- 
cury from   escaping  when  the  barometer   is 
reversed,  nevertheless  gives  free   passage   to 
the  air.     All  the  parts  of  tlic  reservoir  are 
represented  in  Fig.  264,  in  perspective,  un- 
screwed and  inverted, 

In  using  this  barometer,  it  is  first  suspended 
by  the  ring  C,  so  that  the  instrument  may 
swing  freely,  when,  like  a  plumb-line,  it  will 
come  to  rest  witli  the  scale  perfectly  vertical. 
Next,  the  level  of  the  mercuiy  in  the  reservoir  is 
brought  to  correspond  with  the  point  of  tlie 
ivory  pin,  by  turning  the  screw  C  (Fig.  263)  in 
one  direction  or  the  other.  This  coincidence 
can  be  attained  witfi  great  accui'acy  in  the  way 
already  described  in  the  last  section.  Siuce 
the  level  of  tlie  mercury  in  the  basin  now  co- 
incides with  tlie  zero  of  the  scale  graduated  on 
the  brass  case,  it  only  remains  to  read  off  the 
height  of  tlie  column  of  the  mercury  in  the  tube 
by  means  of  the  scale  at  its  side.  For  this  pur- 
pose, the  vernier  is  raised  or  lowered  by  means 
of  the  thumb-screw  until  its  lower  edge  is  just 
tangent  to  the  convex  surface  of  the  mercuiy 
in  the  tube  (Pig.  262).  This  adjustment  can 
also  be  obtained  with  great  accuracy  by  sus- 
pending the  barometer  in  front  of  a  light  wall, 
sighting  across  the  front  and  back  edge  of  the 
brass  tube  carrying  the  vernier,  which  moves 
within  the  brass  case  of  the  instrument.  It 
only  remains,  then,  to  read  on  the  scale  tho  position  of  the  ver- 
nier, to  obtain  the  height  of  the  barometer  within  a  tenth  of  a 
millimetre. 

A  great  advantage  of  this  form  of  barometer  is  the  facility  and 
safety  with  which  it  may  be  transported.  By  raising  the  screw  C 
sunieiently,  the  whole  interior  of  the  tube  and  reservoir  may  be 
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filled  with  mcrctiry,  aiid  then  the  instrumeiit  may  be  reversed 
and  transported  from  place  to  place  -without  danger  ;  and  even  if 
the  tube  is  accidentally  broken,  it  is  always  possible,  witli  a  little 
skin,  to  replace  it. 

A  thermometer  is  always  attached  to  the  barometer,  since 
the  height  of  the  mercury  column  varies  slightly  witli  the  tem- 
perature ;  for  heat,  hy  expanding  the  mere\iry,  changes  slight- 
ly its  specific  gravity,  and  on  this  the  height  of  the  column 
depends.  The  standard  temperatuie  which  hao  leen  adopted 
is  0°  C,  and  ,all  barometrical  observations  aie  corieeted  so  as  to 
reduce  them  to  the  standard  temperituic  A  tabl  foi  applying 
tins  correction  will  be  found  in  mo-it  woiks  ol  metuoiology,*  and 
the  method  of  calculating  it  will 
be  explained  in  the  chapter 
on  Heat.  A  second  correction 
is  also  required  for  capillarity, 
the  nature  of  which  will  be 
explained  in  a  future  section. 
This  correction,  however,  is  a 
constant  quantity  for  the  same 
instrument,  and  is  generally 
allowed  for  by  the  instrument- 
maker  f  in  adjusting  the  scale 
of  the  instrument. 

(161.)  Common  Barometer. 
—  Having  described  at  length 
the  two  most  useful  and  accu- 
rate forms  of  the  barometer,  it 
will  not  be  necessary  to  do 
more  tlian  allude  to  the  nu- 
merous modifications  of  the 
instrument  which  have  been 
devised  by  Gay-Lussac  and 
other  physicists,  for  tljc  pur- 
pose of  obviating  the  correc- 
tion for  capillarity.  They  will  ^  "^  '"^  ^'^^■ 
be  found  described  at  length  in  the  hige  works  on  physics. 
Avery  common  form  of  barometei,  which  is  much  used  as  a 
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woatlier-iudicator,  is  represented  in  Fig.  265.  The  glass  tube 
1ms  the  form  of  a  siphon,  as  repi-esented  In  Fig.  266.  "When  the 
mercury  falls  in  the  barometer,  it  must  of  course  rise  to  a  pro- 
portional height  in  the  short  arm  of  the  siphon,  and  it  raises  a 
float  resting  upon  it.  This  float  is  fastened  to  a  cord  which 
passes  round  a  wheel,  0,  and  is  attached  to  a  weight,  P,  on  the 
other  side.  The  motion  of  the  float  thus  communicates  motion 
to  the  wheel,  and  this,  in  its  turn,  moves  the  index  over  the  dial- 
plate  of  the  instrument.  Such  barometers  admit  of  no  precis- 
ion, and  are  of  little  value  except  as  ornaments. 

A  variety  of  barometer  depending  on  the  laws  of  elasticity 
has  already  been  described  (104),  and  is  represented  in  Fig.  267. 
Another  form  of  barometer,  dif- 
ferently constructed,  but  depend- 
ing on  the  same  principle,  is  the 
aneroid*  barometer,  invented  by 
M.  Yidi.  Both  of  these  barome- 
ters, on  account  of  their  small 
volume  and  the  absence  of  any 
fragile  material  in  their  construc- 
tion, are  very  portable.  They  arc 
very  sensible,  and  more  regular 
in  their  indication  than  the  com- 
mon mercury  barometers,  especial- 
ly when  the  differences  of  pressure 
are  not  great ;  but  they  cannot  bo 
relied  uiwn  where  high  scientific 
acc\u-acy  is  required.  They  can,  loweiLi,  be  b  Jl)  i  com 
mended  as  common  house  or  ship  barometers.  Since  the  elas- 
ticity of  the  metal  of  these  barometers  is  liable  to  change  with 
long  use,  it  is  important  to  adjust  the  instruments  from  time  to 
time,  by  comparing  them  with  a  standard  mercury  barometer. 
In  case  of  disagreement,  they  can  easily  be  made  to  accord,  by 
turning  a  screw  provided  for  the  purpose. 

(162.)  Uses  of  the  Barometer.  —  The  barometer  is,  without 
question,  one  of  the  most  useful  instruments  in  the  hands  of  the 
chemist.  The  volumes  of  the  gases  on  which  he  experiments 
are  liable  to  considerable  variations,  depending  on  changes  in  the 
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pressure  of  the  atmosphere ;  the  boiling  points  of  liquids  are  also 
materially  influenced  by  them ;  and  it  is  therefore  essential  to 
observe  the  height  of  the  barometer  at  each  experiment,  and  to 
correct  the  results  by  reducing  them  to  that  which  would  have 
been  obtained  had  the  barometer  stood  at  76°  C,  at  the  time  of 
observation.  These  uses  of  the  barometer  will  all  be  explained 
in  future  sections  of  this  volume,  and  it  is  not  therefore  neces- 
sary to  dwell  upon  them  here.  As  a  meteorological  instrument, 
the  bai'ometer  is  the  most  important  means  of  investigating  tlie 
laws  of  the  changes  which  are  constantly  talcuig  place  in  the  at- 
mosphere, —  a  problem  which  is  of  tlie  greatest  interest  to  man- 
kind. This  atmosphere,  as  has  been  already  stated,  may  be 
regarded  as  a  great  liquid  sea,  and  its  waves  are  constantly  roll- 
ing over  our  heads.  When  the  crest  of  one  of  its  immense 
waves  is  over  the  barometer,  the  instrument  rises,  and  when  the 
depression  follows,  the  barometer  falls ;  and  thus,  by  watching 
tlie  height  of  the  mercury  column,  we  are  able  to  follow  changes 
in  the  atmosphere  which  would  otherwise  escape  notice.  For 
many  years  the  height  of  the  barometer  has  been  registered  at 
stated  hours,  night  and  day,  at  a  large  number  of  meteorological 
stations  all  over  the  world  ;  and  although  but  few  general  results 
have  been  obtained,  yet  sufficient  has  been  learned  to  warrant  us 
in  expecting  much  in  the  future. 

The  mean  height  of  tlie  barometer  during  a  year  at  any  one 
place  is  constant ;  but  it  varies  at  different  latitudes,  gradually 
increasing  from  the  equator  to  the  thirty-sixth  parallel,  and  thence 
diminishing  to  the  pole.  During  the  same  day,  the  barometer 
undergoes  very  regular  oscillations,  which  are  greatest  at  the 
equator.  According  to  Humboldt,  at  the  equator  tlaere  are  two 
maxima,  at  ten  o'clock,  morning  and  evening,  and  two  minima, 
at  four  o'clock,  morning  and  evening  ;  the  amplitude  of  the  os- 
cillation during  the  day  amounting  to  2.65  m.m.,  but  that  during 
the  night,  from  four  o'clock  in  the  evening  to  four  o'clock  in  the 
morning,  being  only  0.84  m.  m.  The  same  oscillations  are  no- 
ticed all  over  the  torrid  zone ;  but  in  the  temperate  zone  they 
have  a  less  amplitude,  and  are  more  masked  by  accidental 
changes.  But  nevertheless,  by  compai-ing  the  means  of  a  large 
number  of  observations  continued  during  a  long  interval,  they 
can  be  detected,  and  nearly  at  the  same  hours.  It  has  been 
further  discovered  that  their  amplitude  is  variable,  being  greater 
in  summer  than  in  winter. 
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Besides  these  regular  oscillations,  the  barometer  in  temperate 
climates  is  liable  to  apparently  irregular  changes,  produced  by 
storms  in  the  atmosphere.  As  a  general  rule,  it  may  be  stated 
that  during  fair  weather  the  barometer  is  high,  while  it  is  gen- 
erally rery  much  depressed  during  a  rain-storm.  So,  also,  a 
sudden  fall  of  the  barometer  usually  indicates  the  approach  of  a 
storm;  and,  on  the  other  hand,  the  clearing  up  of  a  storm  is 
frequently  preceded  by  a  rise  in  the  mercury  column.  Hence 
one  of  the  most  valuable  uses  of  the  instrument,  in  forewarning 
the  navigator  of  the  approach  of  a  stonn.  Those  who  have 
studied  the  indications  of  the  barometer  know  that  tliey  are  fre- 
quently at  fault,  and  that  they  are  only  probably  correct.  It  is 
hardly  necessary  to  add,  that  the  words  "  Fair,"  "  Rainy,"  etc., 
which  are  frequently  placed  against  certain  points  of  the  scale 
of  common  barometers,  have  no  furtlier  foundation  in  fact  than 
what  has  just  been  stated,  and  are  therefore  simply  useless. 
Sufficient  has  now  been  said  to  show  the  importance  of  baromet- 
ric observations  in  meteorology,  and  we  must  refer  to  the  works 
on  this  science  for  the  details  of  the  subject. 

Marioite's  Law. 
(163.)  Statement  o/Mariotte's  Law-^-Wa  have  already  stated 
that  gases  obey  a  special  law  of  compressibility.  Tliis  law  was 
discovered  independently  by  the  Abb^  Mariotte  in  France,  and 
by  the  famous  English  philosopher  Boyle,  during  the  last  half 
of  the  seventeenth  century.  It  maybe  thus  stated:  The  vol- 
ume of  a  given  weight  of  gas  is  inversely  as  the  pressure  to 
tohich  it  is  exposed;  tliat  is,tlie  greater  tlie  pressure,  the  smaller 
is  the  volume,  and  the  less  the  pressure,  the  larger  is  the  volume. 
This  may  be  illustrated  by  an  Indiar-rubber  bag  holding  one  litre 
of  air  or  any  other  gas.  This  is  exposed  to  a  pressure,  under  the 
ordinary  conditions  of  the  atmosphere,  of  a  little  over  one  kilo- 
gramme on  every  square  centimetre  of  surface.  If  this  pressure 
is  doubled,  the  volume  of  the  bag  will  be  reduced  to  one  half;  if 
trebled,  to  one  third,  etc.  On  the  other  hand,  if  the  pressure  is 
reduced  to  one  half,  the  volume  wiU  be  doubled  ;  if  to  one,  third, 
the  volume  will  be  trebled,*  etc.  The  principle  is  expressed  in 
mathematical  language  by  the  proportion, 

V:V  =  H':H,  [98.] 

*  We  suppose  the  bog  to  have  Jio  cJasticity. 
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in  which  H  and  R'  arc  the  heights  of  the  barometer  which  meas- 
ure the  pressure  to  which  the  gas  is  exposed  under  the  two 
conditions  of  volume  V  and  V. 

It  follows  from  [52],  that  the  density  of  a  given  weight  of 
gas  is  inversely  as  the  volume,  or  Y :  V  :=  D' :  D ;  and  hy 
comparing  this  proportion  with  the  last,  wo  obtain 

D  :  ly  =  H:  H';  [99.] 

or  the  density  of  a  gas  is  proportional  to  the  pressure  to  which 
it  is  exposed.  Moreover,  since  the  weight  of  a  given  volume  of 
gas  is  proportional  to  the  amount  of  matter  which  it  contains  (its 
density),  audits  density,  as  just  proved,  proportional  to  the  pres- 
sure, it  follows  that  the  weight  of  a  given  volume  of  gas  is  diredhj 
as  the  pressure  to  which  it  is  exposed;  or 

W  :  W  =  H  :  H'.  [100.] 

These  three  proportions  are  very  important,  and  will  be  con- 
stantly referred  to  in  the  following  pages.  The  student  must  be 
careful  to  notice,  that  in  [98]  the  weight  of  gas  is  supposed  to 
be  constant  and  the  volume  to  vary,  and  in  [100]  the  volume  is 
supposed  to  be  constant  and  the  weight  to  vary.  It  is  unneces- 
sary to  add,  that,  as  the  volumes  of  gases  vary  also  with  the 
temperature,  the  law  of  Mariotte  is  ti-ue  only  so  long  as  the 
temperature  remains  constant. 

The  vai-iations  in  the  pressure  of  the  atmosphere,  amounting 
at  times  to  one  tenth  of  the  whole,  necessarily  cause  equally  gi-eat 
changes  in  the  volume  of  gases  which  are  the  objecte  of  chemical 
experiment.  Hence,  in  order  to  compare  togetlier  different  vol- 
umes of  gas,  it  is  essential  that  they  should  have  been  measured 
when  exposed  to  the  same  pressure.  A  standard  pressure  has 
therefore  been  agreed  upon,  tliat  measured  by  seventy-six  cen- 
timetres, to  which  the  volumes  of  gases  measured  under  any 
other  pressure  must  always  he  reduced. 

(164.)  Experimental  Illustration.  —  The  law  of  compressibil- 
ity of  gases  may  be  readily  illustrated  by  the  following  experi- 
ments, which  were  devised  by  Mariotte  himself. 

For  pressures  greater  than  the  atmosphere,  we  use  the  appara- 
tus represented  in  Fig.  268,  which  consists  of  a  glass  tube  bent 
in  the  form  of  a  siphon,  closed  at  the  end  B,  and  fastened  to  a 
wooden  support.     At  the  side  of  each  arm  of  the  bent  tube   is 
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placed  1  gi  iduited  scale,  the  zero  point  of  the  two  scales  being  on 
the  sxmc  hoiizontal  line.  The  scale  at  the  right  of  the  long  arm 
mdicites  centimetres,  and  measures  the  heights  of  the  mercury 
columns,  whilo  that  at  the  left  of  the  short 
arm  measures  the  volume  of  confmed  gas  in 
the  closed  cud  of  the  tube.  In  commencing 
the  experiment,  mercury  is  poured  into  the 
tube  at  the  end  C,  and  by  inclining  the 
apparatus  is  brought,  with  a  little  manipu- 
lation, to  stand  at  the  zero  point  on  both 
scales.  The  volume  of  air  confined  in 
the  tube  AB  ia  now  evidently  exposed  to 
the  pressure  of  the  atmosphere,  which  is 
equivalent  to  about  76  e.  m.  of  mercury. 
If,  now,  we  pour  mercury  into  the  tube  C 
until  the  difference  of  level  of  the  mercury 
in  the  tubes  is  76  c.  m.,  the  confined  air 
will  be  exposed  to  a  pressure  of  two  atmos- 
pheres, and  its  volume  will  be  reduced  one 
half,  as  is  represented 
in  the  figure.  If  the 
tube  were  sufficiently 
long,  so  that  we  could 
make  the  difference  of 
tlie  two  columns  equal 
to  152  cm.,  the  vol- 
ume would  be  reduced 
rj,     3  toonethird.  Werethe 

difference  made  equal 
to  tl  lee  0  foui  times  76  c.  m.,  the  volume 
would  be  reduced  to  one  fourth  or  one  fifth. 
For  pressures  less  than  an  atmosphere, 
we  use  the  apparatus  represented  in  Fig. 
269,  consisting  of  a  barometer  tube  divided 
into  cubic  centimetres,  and  a  deep  mercury 
cistern,  to  the  side  of  which  is  fastened  a 
scale  divided  into  centimetres  for  meas- 
uring the  differences  of  level.  The  experi- 
ment is  commenced  by  fdling  the  barom- 
eter tube  nearly  to  the  top  with  mercury, 
25 
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leaving  a  space  of  only,  ten  cubic  centimetres  filled  with   air. 

The  tube,  being  closed  with  the  thumb  and  inverted,  is  sunk  in 
tlie  mercury  cistern  until  the  mercury  in  the  tube  and  the  cistern 
stands  at  the  same  level  and  at  the  tenth  division  on  the  tube. 
The  confined  air  in  tlie  tube,  measuring  in  volume  ten  cubic 
centimetres,  is  now  evidently  exposed  to  the  pressure  of  the  at- 
mosphere, whieh  we  will  suppose  equivalent  to  76  c.  m.  of  mer- 
cury. If,  now,  we  raise  the  tube  in  the  reservoir,  tlio  level  of  the 
mercury  in  the  tube  will  rise  above  that  in  tiie  cistern,  ixs  rep- 
resented in  the  figure.  The  confined  air  is  now  exposed  to  a  less 
pressure  than  76  c.  m.  by  exactly  the  difference  of  level ;  because, 
as  can  easily  be  seen,  tlie  pressure  of  the  atmosphere  is  in  part 
expended  in  suppoi-ting  the  column  of  mercury,  and  only  the  re- 
mainder of  its  pressure  is  exerted  on  the  confined  air.  When, 
therefore,  the  height  of  the  column  of  mercury  in  the  tube  above 
the  mercury  level  in  the  cistern  is  38  c.  m.,  the  pressure  on 
the  confined  air  is  76  —  38 cm.,  or  one  half  of  an  atmosphere, 
and  its  volume  will  be  found  to  have  doubled.  When  the  differ? 
ence  of  level  is  equal  to  50.666+  e.  m.,  the  pressure  on  the  con- 
fined air  is  76—  50.666+=  25.3+ cm.,  or  one  third  of  an 
atmosphere,  and  its  volume  will  be  found  to  have  trebled.  When 
the  difference  of  level  is  equal  to  57  e.  m.,  the  air  is  exposed  to 
the  pressure  of  only  one  fourth  of  an  atmosphere,  and  its  volume 
will  bo  found  to  have  quadrupled. 

(165.)  History  of  Mariolte's  Law.  ~~  The  law  of  tlie  com- 
pressibility of  gases,  as  established  by  Mariotte,*  was  for  a  long 
time  received  as  absolute  and  invariable;  for  although  Boylef 
and  Musschcnbroek  $  found  that  the  compressibility  diminished 
with  the  pressure,  on  the  other  hand  Sulzer  §  and  Robinson  || 
found  that  it  increased  with  the  pressure ;  and  these  obviously 
inaccurate  results  do  not  appear  to  have  diminished  the  general 
confidence  in  the  law.  In  1826,  Oersted  and  Swendsen  ^  re- 
peated the  experiments  of  Mariotte,  extending  tiicir  investigation 

*  (EuvrEB  de  MaiioMe,  (La  Haye,  1710,)  Tom.  T.  p.  152. 

t  Boyle's  Defence  of  his  Doctrine  tonebing  the  Spring  and  VTeight  of  the  Air. 
■Works.VolI.  (foUo-t 

t  Cours  de  Physique,  (Paris,  1759,)  Tom-  III.  p.  142, 

\  M^moires  de  I'Acod^mie  ae  Berlin,  1753,  p.  116, 

II  System  of  Mechanical  Philosophy,  Vol.  III.  p.  637.  Also,  Encyelopfedia  Brilan- 
nica.  Article  Pneumatics,  Vol,  SVI.  p.  700. 

IT  Edinburgh  Journal  of  Science,  Vol.  IV,  p,  224. 
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to  pressures  of  oight  atmospheres,  and  apparently  confirmed  the 
accuracy  of  the  law  ;  for  althoiigh  the  numbers  they  obtained  in- 
dicate a  greater  compressibility  than  would  accord  with  the  law, 
yet  they  attributed  the  differences  to  errors  of  observation.  They 
afterwards  extended  their  investigation  to  greater  pressures  than 
eight  atmospheres ;  but  the  method  of  experimenting*  which  they 
employed  was  too  rude  to  establish  the  absolute  accuracy  of  the 
law,  although  it  was  sufficiently  exact  to  show  tliat  the  law  was 
approximatively  true  up  to  very  high  pressures. 

At  the  time  when  the  law  was  thus  universally  admitted  as 
absolutely  accurate,  M,  Despretzf  investigated  tlie  subject  from  a 
new  point  of  view.  "Without  questioning  the  law  in  regard  to 
air,  ho  merely  sought  to  ascertain  whether  all  gases  obeyed  ex- 
actly the  same  law,  or  whether,  when  submitted  to  the  same 
pressure,  they  indicated  different  degrees  of  compressibility. 
His  experiments  were  conducted  in  tlie  following  way.  He  took 
a  number  of  cylindrical  tubes,  closed  at  the  top  and  of  the  same 
height,  and  filled  one  of  them  with  air,  but  the  rest  with  different 
gibCb      Thi-so  were  tlien  arranged  side  by  side,  standing  in  a  res- 


ervoir of  mercurj ,  and  supported  a^atu'it  a  graduiti  d  scale,  as 
represented  in  Fig.  270.     The  apparatus  thus  an  uiged  was  in- 

*  They  eondeneed  the  air,  by  means  of  a  foree-pump,  into  the  chutnber  of  nn  air-giin. 
Then  by  means  ofa  balance  they  determined  (he  weight  of  air  introduced,  and,  itnowing 
the  volume  of  the  chamber,  Ihey  easily  calculated  ite  density.  Lastly,  they  determined 
the  elastic  fores  of  the  condensed  air  with  the  aid  of  a  tnj^yimliK.  This  valve  was 
dosed  by  a  weight  acting  on  the  arm  of  a  lever ;  and  in  the  experiments  the  weight 
was  moved  along  the  arm  nntil  the  eiaslic  force  of  the  confined  air  raised  the  valve. 

t  Ballet  des  Sciences,  Sect.  I.  Tom.  VIII.  p.  325,  Also,  Annales  de  Chimie  ct  do 
Physiqae,  2-  Se'rie,  Tom.  SXXIT.  pp.  335,  448. 
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troduced  into  a  glass  cylinder  fiiU  of  water,  similar  to  tliat  ropre- 
sented  in  Pig.  271.  This  cyliiideris  connected  witli  a  small  force- 
pump,  by  -which  water  may  be  forced  into  it,  and  a  pressure  tlms 
exerted  on  the  surface  of  the  mercury  in  the  basin.  Before  com- 
mencing tho  experiment,  the  level  of  the  mercury  is  made  the 
same  in  all  tho  tubes  as  in  the  basin,  so  that  the  gases  they 
contain  are  submitted  to  the  pressure  of  tlie  atmospliere.  On 
increasing  the  pressure  by  forcing  water  into  the  cylinder,  it  is 
evident  tliat,  if  the  gases  all  obeyed  Mariotte's  law,  they  would 
all  suffer  the  same  amount  of  condensation  ;  for  example,  when 
the  pressure  had  reached  two  atmospheres,  the  volume  of  each 
gas  would  be  reduced  to  one  half,  and  so  on.  Moreover,  since 
the  tubes  arc  perfectly  cylindrical,  an  equal  condensation  would 
be  indicated  by  an  equal  rise  of  the  mercury ;  and  therefore,  if 
the  law  were  general,  the  level  of  the  mercury  would  be  the 
same  in  all  the  tubes,  however  great  the  pressure.  It  is  evident, 
also,  that,  if  the  law  is  not  absolutely  general,  the  apparatus  was 
exceedingly  well  calculated  to  detect  the  discrepancy;  since  a 
very  slight  diiference  in  tho  level  of  the  mercury  could  easily  be 
distinguished.  In  fact,  Despretz  found,  on  increasing  tho  pressure 
progressively,  that  tlie  mercury  rose  in  each  tube,  but  rose  un- 
equally. Carbonic  acid  gas,  sulphide  of  hydrogen,  ammonia  gas, 
and  cyanogen,  were  compressed  under  the  same  circumstances 
more  than  air,  and  the  difference  increased  as  the  pressure  was 
augmented.  With  hydrogen,  on  the  other  hand,  a  contrary  effect 
was  observed.  This  gas  acted  like  air  until  the  pressure  rose 
to  fourteen  atmospheres ;  but  under  greater  pressure  than  this 
it  was  compressed  less  than  air,  and  consequently  maintained  a 
greater  volume. 

These  experiments,  in  which  errors  are  almost  impossible,  — 
ance  the  gases  are  placed  under  identically  the  same  conditions, 

proved  that  the  law  as  enounced  by  Mariotte  is  not  universal, 

and  that  each  gas  has  a  special  law  of  compressibility.*  More 
recently  these  results  have  been  confirmed  by  Pouillet,!  who 
constructed  an  apparatus  on  a  similar  principle,  by  which  ho  was 
enabled  to  continue  the  experiment  up  to  very  great  pressures. 


*  Oerstecl,  foe.  eit,,  had  previously  no^oed  that  Eulphurona  acid  gas  was  condensed 
more  than  nir,  when  Eubmitted  to  the  same  pressure  in  an  apparatus  very  similar  to  that 
described  above ;  but  he  attributed  the  phcuomcna  he  noticed  to  a  partial  condeuflation 
of  the  gas  to  a  liquid,  and  not  to  a  deviation  from  Mariotte's  law. 

t  Pouillel,  Elements  de  Physique,  5i"«  edition,  Tom.  I.  p.  339. 
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The  experiments  of  Despretz  had  proved  that  the  law  of  Mari- 
otte  was  not  general;  but  it  was  still  supposed  to  hold  true  of  air, 
and  of  the  gases  of  which  air  consists.  This  opinion  was  soon 
after  apparently  confirmed  by  the  celebrated  investigation  of 
Arago  and  Dulong  on  the  elastic  force  of  steam  at  high  temper- 
atures, made  under  the  direction  of  the  French  Academy  of  Sci- 
ences, at  the  request  of  tlie  government. 

As  a  preliminary  to  tlie  main  object,  these  distinguished  physi- 
cists determined  the  amount  of  diminution  of  volume  of  at- 
mospheric air  under  increasing  pressure  up  to  twenty-seven 
atmospheres.  The  metiiod  which  they  employed  was  precisely 
the  same  as  that  of  Mariotte.  The  volume  of  the  air  was  meas- 
ured in  a  vertical  glass  tube  one  hundred  and  seventy  centimetres 
long,  graduated  into  parts  of  equal  capacity,  and  forming  the  short 
ann  of  an  inverted  siphon.  The  pressure  was  exerted  by  means 
of  a  column  of  mercury  in  a  glass  tube  twenty-six  metres  high, 
forming  the  longer  arm  of  the  siphon  ;  and  it  was  determined  by 
measuring  the  difference  of  level  of  the  mercury  in  the  two  tubes. 

Although  this  apparatus  was  precisely  similar  in  principle  to 
tliat  of  Mariotte,  it  was  a  vast  improvement  upon  it,  and  would 
stand  in  the  same  relation  to  Mariotte's  simple  tube  that  a  mod- 
ern chronometer  does  to  a  common  watch.  If  we  had  space,  it 
would  be  interesting  to  describe  the  apparatus  in  detail,  in  order 
to  illustrate  the  advance  which  was  made  in  experimental  science 
during  the  century  and  a  half  which  had  elapsed  since  the  death 
of  Mariotte  in  1684 ;  but  we  must  refer  the  student  to  the  origi- 
nal memoir  *  which  was  presented  to  the  French  Academy  of 
Sciences  on  the  30th  of  November,  1829. 

Arago  and  Dulong  made  three  different  series  of  observa- 
tions. In  each  they  commenced  with  the  gas  in  the  measuring- 
tube  under  the  pressure  of  an  atmosphere,  and  condensed  it 
progressively  by  increasing  the  column  of  mercury  in  the  long 
tube  until  it  attained  the  height  of  several  metres ;  and  after 
each  increase  of  pressure  they  measured  the  volume  of  the  gas 
and  the  difference  of  level  of  the  mercury  in  the  two  tubes. 
In  one  of  these  series  of  experiments,  the  temperature  of  the  gas 
was  kept  constant  (at  13°)  during  the  whole  time,  and  the  pres- 

*  Mcimoires  dc  I'AoademiH  dos  Sciences,  Tom.  X. ;  and  Anualea  de  Chimie  et  do 
Physique,  2'  Sc'ri^,  Tom,  XLIII.  p.  74. 
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sure  iiieroascd  to  twenty-seven  atmospheres-  It  was  the  best 
of  the  llireGj  and  we  have  copied  the  results  in  the  following 
table  :  — 


[ApprmL- 
mita.) 

Mercury, 

.==. 

citi. 

DiffarenM. 

"b^rwd  " 

1,00 

76.000 

501.300 

4.75 

361,248 

105.247 

105.470 

0.0021 

4.'M 

375,718 

101.216 

101.412 

+0.196 

0.0019 

5.00 

331.228 

B9.692 

99.946 

+0.254 

0.0025 

e.oo 

462,518 

82.286 

82.380 

+0.094 

0.0011 

S.5S 

600.078 

70.095 

76.193 

+0.09S 

0.0013 

T.60 

573.738 

06.216 

66.417 

+0.201 

0.0030 

11.30 

869.62-1 

44,308 

44.325 

+0.017 

0.0004 

13.00 

999.336 

37.851 

38.132 

+0,281 

0.O074 

16,50 

1,262.000 

30.119 

30.192 

+0.073 

0.0024 

17.00 

l,324.50e 

28.664 

28.770 

+0.106 

0.0037 

19.00 

1,466.736 

25.885 

25.978 

40.093 

0,0036 

21.70 

1,653.490 

22.968 

23.044 

+0.076 

0.0033 

21.70 

1,659.440 

22.879 

22.972 

+0,093 

0.0040 

24,00 

1,843.850 

20.547 

20.665 

+0,118 

0,0059 

26.50 

2,023.666 

18.833 

18.872 

+0,039 

0-0020 

27.00 

2,049.868 

18.525 

I8.5SH 

+0.063 

coo-sa 

The  first  column  gives  the  pressure  approsimatively  in  atmos- 
pheres equal  each  to  seventy-six  centimetres  of  mercury.  The 
second  gives  the  exact  pressure,  as  observed  by  measuring  the 
difference  of  level,  and  subsequently  corrected  for  temperature 
and  the  compressibility  of  mercury.  The  third  column  gives 
the  observed  volume  of  gas  in  the  measuring-tube  under  the 
given  pressure,  'which  was  kept  at  the  same  temperature  dur- 
ing the  whole  series  of  experiments.  The  fourth  column  gives 
the  volume  which  the  gas  would  have  under  the  given  pressure 
if  Mariotte's  law  were  absolutely  true.  The  fifth  column  gives 
the  difference  between  the  observed  and  calculated  volumes. 
Aud,  finally,  tlie  sixth  column  gives  the  proportion  of  these  dif- 
ferences to  the  observed  volume.  It  will  be  noticed  that  the  dif- 
ferences are  in  all  cases  very  small,  seldom  greater  than  one  tivo- 
hundredth  of  the  observed  volume,  and  frequently  almost  nothing. 
Moreover,  it  will  also  be  noticed  that,  although  the  diiFerences  are 
always  in  the  same  direction,  indicating  in  every  case  a  greater 
compression  than  that  required  by  Mariotte's  law,  yet  the  propor- 
tion of  these  differences  to  the  observed  volume  does  not  increase 
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with  the  pressure,  as  would  naturally  be  expected,  if  they  were 
owing  to  ail  actual  deviation  from  the  law. 

As  iu  any  investigation  of  natural  phenomena  it  is  impossible  to 
measure  quantities  with  absolute  accuracy,  a  limited  amount  of 
error  in  the  observations  is  to  be  expected ;  and  since  the  differen- 
ces just  mentioned  are  very  small,  it  was  natm-al  to  conclude  that 
they  would  have  disappeared  if  the  measurements  could  have  been 
made  with  absolute  accuracy.  So  concluded  Dulong  and  Arago, 
and  it  was  generally  conceded  that  the  validity  of  the  law  of 
Mariotte  in  regard  to  air  had  been  fully  established  by  their  in- 
vestigations. Tliere  were,  nevertheless,  strong  grounds  for  ques- 
tioning tlic  accuracy  of  this  conclusion.  In  the  first  place,  there 
was  no  reason,  in  the  nature  of  thmgs,  for  supposing  that  the  law 
of  Mariotte  was  absolutely  true ;  and  since  it  was  not  exact  in 
the  case  of  so  many  gases,  it  was  reasonable  to  conclude  that  it 
was  not  absolutely  so  in  the  case  of  the  air.  In  the  second  place, 
the  volumes  observed  by  Dulong  and  Arago  were  in  every  case  less 
than  the  calculated  volumes,  a  fact  not  sufficiently  accounted  for  by 
tlie  cojistruction  of  their  apparatus,  though  they  were  inclined  to 
believe  that  it  was.  Then,  lastly,  their  method  of  experimenting 
was  open  to  serious  objections.  They  measured  the  volume  of  the 
air,  by  means  of  a  graduated  scale  at  the  side  of  the  tube,  with  a 
degree  of  accuracy  which  was  evidently  entirely  independent  of  the 
volume  occupied  by  the  gas  in  the  tube,  whether  large  or  small. 
At  the  commencement  of  the  experiment,  tliis  volume  occupied 
a  length  of  nearly  two  metres ;  and  hence  any  error  which  could 
he  made  in  reading  the  scale  would  be  an  insensible  portion  of 
the  whole  ;  but  when,  at  the  end  of  the  experiment,  the  pressure 
was  equal  to  thirty  atmospheres,  the  volume  occupied  in  tlie 
tube  a  length  of  only  one  fifteenth  of  a  metre,  so  that  the  same 
error  in  reading  the  scale  would  now  correspond  to  a  portion  of 
the  whole  volume  thirty  times  as  great  as  before,  and  might  be 
very  important. 

The  results  of  Dulong  and  Arago  were  not  destined  long  to  re- 
main the  last  word  of  physical  science  on  this  subject.  The  French 
government,  in  1841,  ordered  a  revision  of  the  principal  laws 
and  numerical  data  connected  with  the  theory  of  the  steam- 
engine.  This  work  was  intrusted  to  Victor  Regnault,  and  the 
results  of  his  investigation  occupy  nearly  the  whole  of  the  twenty- 
first  volume  of  the  Memoirs  of  the  French  Academy  of  ?  ' 
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This  volume  is  a  monument  of  scientific  industry  and  skill,  and 
marks  an  epoch  in  the  history  of  physical  science.  Amojig  the 
other  numerical  data,  Regnanlt  carefully  redetermined  the 
amount  of  diminution  of  volume  of  atmospheric  air  under  in- 
creasing pressure.  He  repeated  the  experiments  of  Dulong  and 
Arago  with  a  greatly  improved  apparatus,  and  extended  his  in- 
vestigations to  other  gases.  It  wiil  not  he  possihle,  in  this  text- 
boob,  to  enter  into  a  description  either  of  the  method  or  of  the 
apparatus  employed.  Suffice  it  to  say,  that,  although  they  were 
sunilar  in  general  to  those  adopted  by  Dulong  and  Arago,  they 
differed  in  one  important  detail.  Instead  of  keeping  the  quan- 
tity of  the  gas  in  the  measuring-tube  constant  during  the  whole 
experiment,  as  his  predecessors  in  the  same  line  of  investigation 
had  done,  he  continually  forced  fresh  gas,  by  means  of  a  condens- 
ing-pump,  into  the  measuring-tube  as  the  pressure  increased,  and 
thus  had  the  volume  of  gas  in  the  tube  the  same  preparatory  to 
each  measurement.  The  apparatus  was  so  delicately  constnicted, 
that  he  could  measure  the  difference  of  level  of  the  mercury  in  the 
two  tubes  to  nearly  tlie  half  of  a  millimetre,  and  also  the  volume 
of  the  gas  in  the  measuring-tube  with  as  great  an  accuracy  at  tlie 
highest  as  at  the  lowest  pressures.  We  would  most  earnestly 
recommend  the  student  to  examine  the  original  memoir  of 
Eegnault,*  as  one  of  the  best  examples  of  a  successful  scientific 
investigation  on  record.  From  the  results  which  Regnault  ob- 
tained, the  following  table  has  been  calculated :  — 


P«ss«t.=. 

Alt. 

Eiffet^e. 

Aoid. 

Ilyirussn. 

Diffetence. 

1 

1.0000 

+0.0O00 

1.0000 

+0.0000 

l.OOOO 

-0,0000 

i 

4.9791 

+0.0306 

J. 8288 

+0.1722 

5.0116 

-0.0116 

l^< 

9.9162 

+0.083S 

9.2262 

+0.7738 

10.0560 

-0.0560 

■^ 

14.8248 

+0,1 7S2 

13.1869 

+  1,8131 

15.1395 

-0.1395 

^ 

19.7198 

+0.2S02 

16.7034 

43.2946 

20.2687 

-0.2687 

This  table  supposes  that  a  given  volume  of  gas  is  taken,  not,  as 
usual,  under  the  atmospheric  pressure,  but  under  an  initial  pres- 
sure represented  by  a  column  of  mercury  one  metre  in  height, 
and  then,  by  increasing  the  height  of  the  column  of  mercury,  suc- 
cessively condensed  to  one  fifth,  one  tenth,  one  fifteenth,  and  one 

*  Mt'moires  de  TAcadcmie  dcs  Scieiicta,  Tom,  XXL  p.  329. 
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twentieth  of  its  primitive  volume.  It  is  evident,  tliat,  if  Man- 
otte's  law  were  invariable,  it  would  require,  in  the  case  of  any  gas, 
pressures  coiTesponding  to  columns  of  mercury  respectively  five, 
ten,  fifteen,  and  twenty  metres  high  to  produce  this  result.  Now, 
in  the  table,  opposite  to  each  volume,  are  given  the  heights  of 
the  columns  of  mercury  iu  metres,  which  are  actually  required, 
as  deduced  from  the  experiments  of  K-egnault  on  air,  carbonic 
acid,  and  hydrogen.  In  tlie  case  of  air  and  carbonic  acid, 
it  wilt  be  noticed  that  leas  pressure  is  required  than  that  indi- 
cated by  the  law.  In  the  case  of  hydrogen,  on  the  other  hand, 
mora  is  required.  We  might  put  these  results  in  a  form  simi- 
lar to  that  of  the  table  on  page  294,  and  give  opposite  to  each 
pressure  the  observed  volume  and  the  calculated  volume.  It 
would  then  appear  that  air  and  carbonic  acid  are  condensed 
more  by  a  given  pressure,  and  hydrogen  less,  than  the  amount 
required  by  Mariotte's  law. 

It  appears,  then,  from  these  experiments,  that  Mariotte's  law  is 
not  an  exact  expression  of  the  truth,  even  for  air.  The  deviation 
from  the  law  in  the  case  of  air,  however,  is  exceedingly  small, 
and  it  required  all  the  precautions  with  which  Begnault  guarded 
his  experiments  to  detect  and  measure  it.  In  a  theoretical  point 
of  view,  this  deviation  is  of  the  greatest  importance ;  but  in  the 
practical  application  of  Mariotte's  law  in  the  manometer,  and  in 
the  determination  of  the  volumes  of  gases,  it  may  he  entirely 
overlooked. 

By  carefully  examining  the  table  on  page  296,  it  will  be  noticed 
that  the  deviation  fi'om  the  law,  in  the  case  of  all  three  of  the 
gases,  increases  rapidly  with  the  increase  of  the  pressure.  This 
is  the  general  law  in  regard  to  all  gases  which  have  been  studied. 
Hence  we  may  conclude  that,  as  the  pressure  diminishes  and  the 
gas  expands,  the  deviation  from  the  law  of  Mariotte  becomes 
gradually  less,  until,  at  an  infinite  degree  of  expansion,  this  law 
would  be  the  exact  expression  of  the  truth.  Ecgnault  did  not, 
however,  extend  liis  experiments  to  pressures  less  than  that  of 
the  atmosphere,  because  the  precision  of  his  method  was  not 
sufficient  to  detect  at  such  pressures  any  deviation  from  the 
law. 

Tho  table  will  also  lead  us  to  another  important  conclusion. 
On  comparing  the  numbei-s  of  hydrogen  and  of  air,  it  will  be 
found,   as  we   have  already  remarked,  that   they  deviate   from 
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tlio  law  of  Mariotte  in  opposite  directions.  Starting  from  a 
state  of  infinite  expansion,  at  which  both  would  exactly  obey, 
as  just  stated,  tho  laiF,  it  would  be  found,  on  gradually  in- 
creasing the  pressure,  that  the  Toiume  of  the  air  diminished  in  a 
greater  proportion,  but  that  of  hydrogen  in  a  less  proportion,  than 
the  pre&sure.  Here,  then,  are  two  gases,  one  varying  from  the 
law  on  one  side,  and  the  other  on  the  opposite  side.  Between 
these  two  we  may  conceive  of  a  gas  which  should  have  a  com- 
pressibility exactly  conforming  to  the  law.  This  hypothetical 
gas  being  taken  as  the  limit,  we  have  on  the  one  side  a  class  of 
gases,  comprising  air,  nitrogen,  oxygen,  carbonic  acid,  etc.,  which 
have  a  greater  and  constantly  increasing  compressibility,  and  on 
the  otlier  side  a  single  gas,  hydrogen,  forming  a  class  by  itself, 
and  having  a  less  and  constantly  diminishing  compressibility. 
The  law  of  Mariotte  may,  therefore,  bo  regarded  as  a  limit,  not 
realized  in  nature,  from  which  the  different  gases  deviate  on 
either  side  more  or  less,  according  to  their  nature,  as  well  as  ac- 
cording to  the  pressure  to  which  they  are  exposed. 

Some  experiments  of  Hegnault  seem  to  show  that  the  class  to 
which  a  gas  belongs  depends  upon  the  temperature.  He  noticed 
that,  although  carbonic  acid,  as  shown  by  the  table,  deviates  very 
markedly  from  the  law  of  Mariotte  at  the  temperature  of  0°,  yet 
that  it  conforms  almost  precisely  to  it  at  the  temperature  of  100". 
He  also  noticed  a  similar  fact  in  regard  to  air,  which  was  found 
to  deviate  from  the  law  much  less  at  an  elevated  temperature 
tlian  at  the  ordinaiy  temperature  of  the  atmosphere  ;  and  he 
concludes  that  a  temperature  could  easily  be  attained,  at  which 
the  deviation  wo\ild  become  insensible  to  our  means  of  observa- 
tion. He  even  tliinks  it  probable,  that,  at  a  very  high  tempera- 
ture, the  air  would  again  deviate  from  the  law  of  Mariotte,  but 
in  the  opposite  direction,  namely,  that  in  which  hydrogen  devi- 
ates at  the  ordinary  temperature.* 

Generalizing  these  observations,  it  is  supposed  that  the  same 
would  be  true  of  all  the  gases  belonging  to  the  first  class.  As 
the  temperature  is  increased,  it  is  supposed  that  their  compres- 
sibility would  gradually  diminish,  and  that  they  would  finally 
conform  exactly  to  Mariotte's  law,  at  different  temperatures, 
determinate  for  each   one.      If  the  temperature   were   pushed 

*  JKinoires  de  I'Acodi^nile  des  Scicaces,  Tom,  XXL  p.  403. 
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beyond  tins  limit,  it  is  supposed  that  tliey  would  deviate  anew 
from  the  law,  but  in  an  opposite  direction,  passing  over  into 
the  class  of  gases  of  which  at  the  ordinary  temperature  we  have 
but  one  example,  hydrogen.  On  the  other  hand,  since  hydrogen 
possesses  at  tho  ordinary  temperature  of  tlio  air  tlie  character 
which  thoso  gases  have  at  a  high  temperature,  it  is  natural  to 
conclude  that,  by  lowering  the  temperature  suificiently,  we  should 
bring  this  gas  to  the  condition  in  which  they  exist  at  the  ordinary 
temperature.  Wo  should  expect  to  find,  that,  at  a  certain  degree 
of  cold,  it  would  conform  exactly  to  the  law  of  Mariotte ;  and  that, 
at  a  still  lower  temperature,  it  would  deviate  from  that  law  again, 
but  in  an  opposite  direction.  It  must  be  admitted,  however,  that, 
although  these  conclusions  are  in  conformity  with  tho  analogies 
of  science,  tliey  are  based  upon  too  slight  experimental  data  to 
make  tliem  of  much  value  ;  and  further  experiments  on  the  com- 
pressibility of  gases  at  high  temperatures  aie  among  the  most 
important  desiderata  of  this  branch  of  science. 

Witliin  the  last  few  years,  further  experiments  on  the  condeiisa^ 
tion  of  air,  nitrogen,  oxygen,  hydrogen,  and  oxide  of  taibon  have 
been  made  by  Natterer  with  a  veiy  powerful  condensing-appara- 
tus,  with  which  he  has  been  able  to  exert  a  pressure  of  nearly  three 
thousand  atmospheres.  Even  with  tliis  immense  pressure,  he  did 
not  succeed  in  condensing  these  gases  to  liqiiids ;  but,  on  the 
contrary,  he  found  that  the  compressibility  in  all  the  five  cases 
was  less  than  that  required  by  Mariotte's  law.  From  his  results, 
the  following  table  *  has  been  calculated  by  interpolation :  — 


Nnmbec  o(  Vo 

umes^a^B. 

OiWe  of 

iSitrogen. 

njd.osen. 

Osyg™. 

KlKoseii. 

Air. 

50 

50 

50 

50 

1 

60 

60 

100 

9S 

100 

99 

100 

100 

S96 

439 

381 

396 

412 

1,000 

823 

59.1 

Sl!> 

527 

544 

1,354 

657 

1,500 

776 

590 

607 

G17 

2,000 

899 

641 

6B1 

2,500 

977.5 

694 

704 

2,790 

1008 

705 

726 

727 

«  This  tahlo  ia  taken  fram  Liehi^  und  Kopp,  Jahi-csbericht  fiir  1854,  Seite  88.     For 
the  full  results,  see  Wieii  Aoaii.  Ber.  XII.  199,  or  Pogg.  Aim  ,  XCIV,  436. 
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Opposite  to  the  number  of  atmospheres  of  pressure  is  given  for 
each  of  the  five  gases  tlie  number  of  Tolumes  which  are  con- 
densed by  the  different  pressures  into  one  volume.  In  other  words, 
these  numbers  represent  the  number  of  volumes  into  which  one 
volume  of  the  condensed  gas  would  expand,  if  allowed  to  expand 
freely  under  the  pressure  of  the  atmosphere.  If  the  gases  fol- 
lowed the  law  of  Mai-iotte,  the  number  of  volumes  would  always 
be  equal  to  the  number  of  atmospheres  of  pressure.  According 
to  these  experiments,  the  number  is  very  much  less  than  this, 
showing  that  at  these  high  pressures  the  compressibility  is  very 
greatly  diminished.  It  will  be  noticed  that  these  results  are  in 
accordance  with  those  of  Eegnault  in  regard  to  hydrogen,  but 
directly  opposite  to  them  in  regard  to  the  other  gases.  Since, 
however,  the  experiments  of  Naterer  were  conducted  in  a  man- 
ner not  calculated  to  give  accurate  numerical  results,  they  re- 
quire further  confirmation. 

We  have  dwelt  at  some  length  on  the  history  of  Mariotte's  law, 
both  because  it  furnishes  one  of  the  best  examples  of  refined  sci- 
entific investigation,  and  also  because  it  illustrates  in  a  very 
forcible  manner  the  character  of  a  very  large  class  of  the  so-called 
laios  of  nature.  The  compressibility  of  gases  was  in  the  first 
place  studied  with  a  comparatively  rude  apparatus,  and  a  simple 
law  was  discovered,  which  was  accepted  as  the  absolute  truth. 
Later,  when  the  methods  of  investigation  had  become  more  ac- 
curate, it  was  found  that  tlie  law  was  not  general,  but  it  was  still 
maintained  in  regard  to  air,  until  finally  the  refined  experiments 
of  Regnault  proved  that  it  failed  here  also.  Still  the  law  remains 
as  an  ideal  truth  towards  which  nature  tends,  but  which  is  never 
fully  reached,  and  we  can  even  trace  the  action  of  the  agents 
which  produce  the  perturbations.  So  is  it  with  most  physical  laws. 
They  are  not  relations  realized  with  mathematical  exactness,  but 
ideal  truths  always  more  or  less  false  in  each  particular  case.  In 
another  place,*  the  author  has  termed  this  class  of  laws,  which 
are  merely  expressions  of  external  phenomena,  phenomenal  laws. 
In  some  few  cases,  as  in  tlie  law  of  gravitation,  we  have  been 
able  to  go  behind  the  phenomena  to  tlieir  proximate  cause ;  and 
in  such  cases  the  very  variations  have  been  seen  to  be  neces- 
sary consequences  of  the  law  itself     So,  possibly,  it  will  be  with 

*  Memoirs  of  tlie  AmsrjcKn  Academy  of  Arts  and  ScltncBB,  Vol.  V.  p.  ,16a. 
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the  law  of  Jlaiiotte,  ■when  we  understand  the  constitution  of  the 
gaseous  condition  of  matter.  But  even  in  regard  to  the  law  of 
gravitatiou,  there  always  have  been  residual  phenomena  unex- 
plained by  the  law,  and  so  probably  there  always  will  be ;  until, 
as  we  go  on  widening  our  generalizations,  the  last  generaliza^ 
tion  of  aU  brings  us  into  that  Presence  of  which  all  Jiatural  phe- 
nomena are  the  direct  manifestation, 

(166.)  Limit  to  the  Compressibility  of  Gases.  —  It  has  been 
shown  that  all  gases,  when  submitted  to  pressure,  are,  with  one 
exception,  compressed  to  a  smaller  volume  than  that  calculated 
from  the  law  of  Mariotte ;  and  we  have  also  seen  that  the  devia- 
tion from  the  law  increases  rapidly  with  the  pressure.  "With  most 
gases,  however,  experimeute  prove  that  the  compi 
not  iucrease  indefinitely  ;  but  that,  when  the  pressure  i 
certain  point,  the  gas  changes  into  a  liquid.  This  change  of  state 
takes  place  suddenly,  but  it  is  preceded  by  the  increase  of  the 
compressibility  of  the  gas,  which  has  just  been  noticed,  and  which 
becomes  very  rapid  as  the  point  of  condensation  is  approached. 
Some  pereons  have  been  led  by  this  fact  to  the  opinion  that 
the  deviation  from  the  law  of  Maiiotte  is  owing  to  a  partial 
liquefaction  of  tlie  gas;  but  the  expeimients  of  Kegnault  and 
Despretz,  already  cited,  tend  to  dispio\e  this  theory.  The  pres- 
sure under  which  the  condensation  to  the  liquid  state  takes  place 
depends  upon  the  nature  of  the  gas,  ind  also  especially  on  the 
temperature.  We  shall,  tbeieforc,  deftrthe  consideration  of  this 
subject  to  the  chapter  on  Heat 

Application  of  Mm  lottt  i  L.u. 

(167.)  Pressure  of  the  Atmosphere  at  different  Heights.  — 
Having  become  familiar  with  Mariotte's  law,  we  are  prepared  to 
study  the  variation  of  pressure  as  we  rise  in  the  atmosphere, 
which  has  been  already  noticed  in  (156.  3).  This  question  is 
evidently  one  of  great  importance ;  because,  if  we  can  discover 
the  law  by  which  the  pressure  varies,  we  can  easily  deduce  from 
two  observations  of  the  barometer  made  at  different  heights  the 
difference  of  level  of  the  two  stations. 

It  is  evident,  from  the  nature  of  the  case,  that  the  density  of 
the  atmosphere  must  vary  constantly  with  the  elevation  above 
the  surface  of  the  earth,  and  hence  that  it  is  not  absolutely  the 
same  at  any  two  levels,  however  near  to  each  other.     Neverthe- 
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leas,  for  convenience,  wo  will  suppose  that  tlio  atmosphere  con- 
sists of  a  series  of  very  thin  concentric  layers,  having  a  common 
tiiickness,  which  we  will  represent  by  d ;  and  that  the  density  is 
uniform  throughout  each  layer,  changing  abruptly  as  we  pass 
from  one  to  the  next.  Moreover,  in  order  to  reduce  the  ques- 
tion to  its  simplest  form,  wo  will  suppose  that  the  temperature 
of  the  atmosphere  at  the  different  elevations  is  the  same,  and  at 
0°  0.  We  may  now  repi:esent  the  different  quantities  to  be  used 
iu  our  problem  tlius :  — 

rf  =  the  common  tiiickness  of  the  concentric  layers. 
3ii,  x^,  CC3 ....  x„  =  the  distances  of  the  lower  surfaces  of  the  successive 

layers  from  the  centre  of  the  earth, 
J/„  lis,  ^3  •  ■  ■  ■  S„  =  the  heights  of  the  barometer  in  the  successive  layers. 
(4).  Gr.)u  (.^.  Gr.)i (Sp.  Gr.)„  =  the  specific  gravity  of  the  aii-  in 

(he  successive  layers,  referred  to  mercury. 
We  have,  then,  for  tho  thickness  of  the  first  layer,  x.^  —  .x,  =  d, 
and  for  tlie  fall  of  the  cohimn  of  mercury  in  the  height  of  the  first 
layer,  Hi  —  H^.  It  is  therefore  evident,  that  a  column  of  atmos- 
pheric air  equal  to  x^  —  x^  supports  a  column  of  mercury  equal 
to  .HI  —  Hi.  Now,  since  the  air  acts  in  all  respects,  so  far  as 
regards  pressure,  like  a  liquid  of  a  very  small  specific  gra^^ty 
(151),  it  follows  that  the  proportion  [81],  is  true  for  these  two 
columns  of  air  and  mercury.  Representing,  then,  the  specific 
gravity  of  mercury  by  unity,  we  have 

H~H,  ■.x,  —  x,  =  l^^.Gr.-)r.  1, 

Moreover,  since  the  pressure  is  proportional  to  the  density  [99], 
it  is  also  proportional  to  the  specific  gravity ;  and  we  have,  for 
any  two  layers,  such  as  the  first  and  the  nth, 

CSp.  Gr.},  :  (Sp.  Gr.\  =  H,  :  H„, 
(Sp.Gr.'),  I  H,  =  CSp.Gr.),, :  H. 
Itcprcsenting  by  C  a  constant  quantity,  we  may  evidently  put 

(Sp.Gr.')i=  C  H„  and  (Sp.Gr.')..=  C  H.  [102.] 
The  value  of  C  depends  npon  the  latitude  of  the  place  and  on 
the  conditions  of  the  atmosphere,  as  will  hereafter  be  shown. 
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Companiig  the  two  values  of  {Sp.Gr.),,  [101]  and  [102],  we 

obtain 

^—3.^CK,      or      H,  =  ll,a  —  Cd'). 
d 

By  the  same  course  of  roasoning  we  shoiiM  obtain 

^=A  =  CH.,    or  H,=  H,0.  —  Gd-)=^H,(1—Cdy. 
We  ean  in  like  inaimci-  readily  form  the  following  table  :  — 

a:,-x,  =  2d,  II,  =  II,{l-Od)  =H,{l^Gdf. 

:c,-x,  =  3d,  H,  =  H,{\-Cd)  =ff,{l-Gdf. 

y-.^\—^.  =  nd,        ff„+,  =  Hn  (l^Od)  =  H,  (I  —  Ody. 

Tlie  values  d,2d,&d nd,  which  represent  the  elevations 

above  any  given  level,  are  evidently  terms  of  an  increasing  ai-ith- 
metical  progression  ;  and  the  values  of  if,,  IL,  Hi  —  H„,  which 
represent  the  pressures  at  these  elevations,  are  evidently  terms  of 
a  geometrical  progression,  —  since  each  value  is  formed  from  the 
preceding  by  multiplying  by  the  constant  quantity  (1  —  Cd"). 
Moreover,  since  tlie  value  of  this  quantity  is  less  than  unity,  tlie 
progression  is  decreasing. 

From  the  equation  H„^:=  B,  {l—Cd)",  we  can  easily  ob- 
tain a  formula  for  calculating  the  difference  of  elevation  from  the 
height  of  the  barometer  at  any  two  stations.     Taking  the  loga- 
rithms of  the  two  members,  this  equation  becomes 
log  JJ,4.,  —logH,=n log  (1  —  C d),  or,  developing, 

^n  ^(^^Cd—lC'd:'  —  iC'd'^....'). 

We  have  assumed  that  the  common  thickness  of  the  atmospheric 
layers  (d')  was  only  very  small.  We  may  now  pass  at  once  to  the 
actual  condition  of  the  atmosphere  by  making  d  infinitely  small. 
The  d\  d^  .  ...,  being  aU  infinitely  less  than  d,  may  bo  taken  at 
zero,  and  the  equation  becomes 

log  if„+ , — log  //, = — M  <;  -j^j ; 

or,  changing  the  signs  of  all  the  terms, 

log -HI  —  \ogH„^i=:nd-^; 
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from  which  can  he  easily  deduced 

7        1         H        M 

In  this  formula,  nd\s  obviously  the  sum  of  the  thicknesses  of  the 
infinitely  thin  layers  between  the  levels  of  the  two  stations,  and 
is  therefore  the  quantity  required.  "We  will  represent  it  by  x. 
M  is  the  modulus  of  the  common  tables  of  logarithms,  or 
2.302585.  C  is  the  constant  already  mentioned,  .ff„_i  is  the 
height  of  the  barometer  of  the  upper  station,  which  we  can  more 
conveniently  represent  simply  by  h ;  and  Hi,  the  height  at  the 
lower  station,  which  we  can  more  conveniently  represent  by  H. 
The  formula  then  becomes 

The  constant,  C,  in  this  equation  is  a  quantity  which,  multi- 
plied by  the  height  of  the  barometer,  will  give  the  specific  grav- 
ity (relatively  to  mercury)  of  the  air  in  which  the  barometer  is 
immersed  [102],  "We  shall  hereafter  have  occasion  to  show  that 
the  weight  of  one  cubic  centimetre  of  air,  and  hence  also  its  spe- 
cific gravity,  varies  not  only  with  the  pressure  H^  but  also  with 
the  elastic  force  of  tlie  vapor  which  it  contains,  with  the  tempera- 
t\ire,  and  with  the  intensity  of  the  force  of  gravity  at  the  place 
of  observation.  All  tliese  circumstances  must,  therefore,  modify 
the  value  of  the  constant  C.  If,  however,  we  reduce  the  condi- 
tions to  their  simplest  form,  and  suppose  that  the  temperature 
is  0°  C.  at  botli  stations,  that  the  place  of  observation  is  on  tlie 
-parallel  of  45°,  and  that  the  atmosphere  is  one  half  saturated 

M 
with  vapor,  we  have,  for  the  value  of  the  constant,  ■^-  =  18,336 

metres  ;  and,  neglecting  the  variation  of  the  intensity  of  gravity 
with  the  elevation,  [103]  becomes  * 

a;  =  log  ^  18330  =  log  J718336  —  log  h  18336  ;      [104.] 


*  It  is  eiidciit  that  these  conditions  are  tierer  realised  in  tlifl  atmosphere.  The  tem- 
perature diminishes  very  rapidly  as  wo  nscenil;  and  the  force  of  gravity  varies  ivitli  tlie 
(QeTBtion,  as  well  as  with  the  latitude  of  tho  place  of  observation.  In  the  practical 
application  of  this  method  in  determining  differences  of  level,  it  is  necessary  to  pay  ]«- 
gard  to  all  these  eireumstances.  Tho  eminent  matliematician  La  Place  calcalaled  a 
formula  for  finding  the  value  of  i,  in  whidi  all  the  causes  whioli  may  modify  tlie  pros- 
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ill  which  //and  h  denote  the  height  of  the  barometer  in  millime- 
tres. Ifj  further,  we  suppose  tliat  the  lower  station  is  at  the  sea 
level,  and  that  the  barometer  at  this  level  is  at  its  mean  height, 
or  760  m.  m.,  the  formula  becomes 

X  =  52,82-2.6  metres  —  log  h  18336.  [105.] 


sure  of  the  different  lajcrs  of  the  afraosphero  have  been  tonsidei'cd. 
the  letlfirs  denote  tJie  folloiving  values :  — 
H  =  height  of  barometer  at  the  loiver  Etation. 
T  =  temperature  of  baromoter  at  the  lower  station. 
i  =  temperature  of  the  aiv  at  iJie  loistc  station. 
k'  ^=  height  of  barometer  at  tho  upper  station. 
T'  =  temperature  of  barometer  at  the  upper  station. 
i'  =  temperature  of  tlio  jnc  at  the  upper  station. 
i  =  latitude  of  the  place  of  observation. 

I  =  in  the  iburtli  factor  the  approximate  height  deteniiincd  fi-om  ilii 
Tlie  formula  of  La  Place  is  then  as  follows  :  — 

f 


=  [log// 18^36  — los  ft'  18336  —  [T—T')  1.2843]  X 


whidi  docs  not  dilTer  materially  from  the  complex  equaljon  of  the  Mecanique  Celeste 
(CEuvres  de  La  Place,  Tom.  IV.  p.  328,  Paris,  1845).  The  teims  and  fectors  of 
tho  foi-mala  have  been  numbered  for  the  sake  of  reference.  Tlie  first  two  terms  are  the 
same  as  in  [104],  and  give  the  approximate  elevation.  The  third  term  is  a  correction 
for  tho  differcnte  of  temperature  of  tho  mercury  columns  at  the  stations.  The  eorreet- 
eiJ  altitude  is  now  to  be  multiplied  by  three  factors.  The  first  (marked  4)  corrects  it 
for  the  difference  of  tempei'ature  of  the  air  at  Oie  tivo  stations;  the  second  (5),  for  the 
variation  of  gravity  with,  the  iatitndo;  and  the  third  (6),  for  the  variation  of  gravi^ 
with  the  elevation.  The  calculation  of  the  value  of  x  is  rendered  exceedingly  easy  by 
means  of  a  set  of  tables,  originally  prepared  by  Oltmans,  which  are  given  in  the  Anna- 
,  aire  du  Bureaa  des  Longiliidss  of  Paris.  Similar  but  more  extended  tables,  calculated 
by  Dclcros,  Guyot,  and  Loomis,  are  contained  in  the  coUection  of  Meteorological 
Tables  prepared  by  Professor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 

M.  Babinet  (Comptes  Rmdiis  de  VAcad^k  des  Sci^ces  for  March,  1857)  has  pro- 
posed n  modification  of  La  Place's  formula,  which  dispenses  both  with  the  use  of  Ic^- 
rithms  and  with  tables  of  any  kind.  The  notation  is  the  same  as  before,  but  the  two 
barometers  are  supposed  to  be  reduced  to  the  some  temperatore,  and  the  small  correc- 
tion for  tho  latitude  is  omitlfid.    The  modified  formula  is  as  follows :  — 


=  16,000  m 


^  So  +  ha     V  T^      1000     J- 


In  nsing  this  formula,  the  two  heights  of  the  barometer  mtist  first  be  reduced  tc 
and  it  will  then  give  accurate  results  for  elevations  of  loss  than  1000  metres,  ar 
proximate  results  even  for  much  greater  elevations.    For  further  inforniataon  o 

26  • 
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From  tills  formula,  it  is  easy  to  calculate  Llie  pressure  and  spe- 
cific gravity  of  tiie  atmosphere  at  different  elevations,  on  tlie 
assumption  that  its  condition  is  as  just  supposed ;  and  by  moans 
of  it  the  following  table  has  been  constructed. 

Pressure  and  Specific  Gravity  of  the  Air  at  increasing  Altitudes. 

MelresiljOTe  BiilkofM|unl  Speoilic  GraTitj.  Heightof 

[ho  Sea.  Weiglit  of  Air.        Air  a.1 'Bern.  =  1  Baramctec. 

0  1  cTm.'  1  76.00 

5,520  2  "  J-  38.00 

11,040  4  «  i  19.00 

16,560  8  "  'b  9.50 

22,080  16  "  tV  4-75 

27,600  32  "  ^  2.38 

This  table  illustrates  tlie  fact  already  stated  on  page  303  ;  for 
while  the  elevation  above  the  sea  level  increases  in  an  arithmeti- 
cal progression,  the  height  of  the  harometer  and  the  specific 
gravity  diminish  in  a  geometrical  progression.  Dr.  Young  has 
calculated  that,  if  the  air  continues  to  diminish  in  specilic  gravity 
according  to  the  law  indicated  in  the  above  table,  one  cubic  inch 
of  air,  of  the  mean  specific  gravity  at  the  earth's  surface,  would, 
at  a  distance  of  four  thousand  miles  from  the  earth  (a  distance 

Bnbject,  wo  would  refer  the  student  lo  the  exeellGnt  collection  of  latlea  by  Professor 
Guyot,  already  mentioned. 

In  taking  obsorvalions  of  the  barometer  for  the  purpose  of  measuring  heights,  certain 
precantjons  are  indispensable,  in  orderto  obtain  good  results.  If  the  hoiTzonial  distance 
between  the  stations  is  considerable,  it  Is  necessary  to  mate  the  two  observationa  si- 
multaneously, in  order  to  eliminate  the  effect  of  the  accidental  changes  to  which  the 
barometer  is  liable ;  or,  if  this  is  impossible,  to  return  to  Uoo  first  station,  and  ascertain 
whether  the  pressure  has  changed  in  the  interval.  If  it  has,  the  observation  should  be 
rejected.  But  even  this  method  of  observing  will  not  eliminate  the  effects  of  the  regu- 
lar changes,  because  tliese  are  not  necessarily  the  same  at  the  two  stations,  and  do  not 
Iflk  p  ce  at  precisely  the  same  moment,  especially  when  the  difference  of  elovaUon  is 
CO  d  rab  e.  The  same  is  also  more  or  less  true  of  the  accidental  changes.  In 
rd  minate  all  these  catises  of  error,  it  is  best  to  mate  a  great  number  of  obser- 

rati  mnltancously  at  both  stations,  and  to  take  the  mean ;  and  tliis  course  is  ea- 

w    n  the  two  stations  are  several  miles  apart.    iFoc  example,  in  finding  the 
a  place  above  the  sea  level,  it  is  best  to  take  the  barometric  mean  of  the 
p  lated  fi'om  observations  extending  over  several  years,  and  compare  it  with 

m        mean  taken  at  the  sea  level.    In  the  tropics,  where  the  nccidental  variations 
bare  y      ist,  and  where  the  regolar  variaHons  follow  well-knoivn  laws,  accumte  results 
nnbe   b   ined  by  taking  successive  observations  at  the  different  stations.    With  good 
m  and  careful  observation,  the  difference  of  level  can  be  ascertained,  from 

the  formula  of  La  Place,  within  a  metre. 
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equal  to  the  earth's  radius),  fill  the  whole  orbit  of  Saturn  ;  and, 
on  the  other  liand,  if  a  mine  could  be  dug  forty-six  miles  deep 
mto  the  earth,  that  the  air  at  the  bottom  woxild  be  as  dense  as 
quicksilver. 

It  has  already  been  stated,  that  there  is  probably  a  limit  to  the 
upper  surface  of  our  atmosphere,  as  definite  as  that  of  the  sur- 
face of  the  ocean.  At  this  elevation,  the  repulsive  force  of  the 
particles  is  supposed  to  be  balanced  by  their  gravitation  towai'ds 
the  earth.  If  we  assume  that,  at  this  point,  the  repulsive  force 
is  equal  to  a  column  of  mercury  one  millimetre  high,  we  can 
easily  calculate  the  height  of  the  atmosphere.  The  second  term 
of  the  second  member  of  [105]  disappears,  since  log  1^0,  and 
we  obtain  x  =  52,822.6  metises.  But  this  assumes  that  the  tem- 
perature is  the  same  at  this  high  elevation  as  at  the  surface, 
namely,  0°.  The  probability  is  that  the  temperature  is  about 
— 60'  C.  We  must,  therefore,  make  a  correction  for  this  differ- 
ence, amounting,  as  follows  from  La  Place's  formula,  (see  note, 
p.  304,)  to  0.12  of  the  whole,  which  reduces  the  height  to 
46,483.9  metres. 

Instruments  ilhistrating  the  Properties  of  Gases. 

(168.)  Manometers. — This  name  (derived  from  fiavo-;,  rare, 
and  lierpou,  measure)  is  applied  to  a  class  of  instruments  which 
are  used  for  measuring  the  elastic  force  or  pressure  of  confined 
gases  and  vapors.  Of  the  nimierous  forms  of  the  manometer, 
we  shall  describe  but  three. 

1.  For  pressures  less  than  the  atmosphere,  the  most  convenient 
form  of  manometer  for  tlie  laboratory  is  that  represented  in  Fig. 
272,  at  the  side  of  the  barometer.  It  consists  simply  of  a  tube, 
open  at  both  ends.  The  lower  end  dips  into  a  reservoir  of  mer- 
cury, and  the  upper  end  connects,  by  a  flexible  hose,  with  the 
vessel  containing  the  gas  or  vapor  whose  pressure  we  wish  to 
measure.  If  the  gas  exerts  no  pressure,  or,  in  other  words,  if 
there  is  a  vacuum  in  the  vessel,  it  is  evident  that  the  mercury 
will  stand  at  the  same  height  in  the  tiibe  as  in  the  barometer ; 
and,  on  the  other  hand,  if  the  gas  exerts  pressure,  the  mercury 
will  be  depressed  by  the  exact  amount  of  this  pressure.  By 
measuring  with  a  cathetometer  the  difference  of  level  in  the 
barometer  and  manometer  tubes,  we  can  ascertain  the  exact 
amount  of  the  pressure,  or  tension,  of  the  confined  gas. 
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2.  Tho  form  of  manometer  lepresented  in  Fig  2T3,  whicli  wo 
owe  to  Eegnault,  may  be  w^d  both  for  pre'-'-ures  gieater  and  less 
than  that  of  the  atmospheie  It  consists  of  two  glass  tubes,  g-  h 
and  i  k,  which  are  cemented  into  an  iron  U,  (made  as  represent- 
ed in  Figs.  276,  277,  and  278,)  and  form  together  an  inverted 
siphon.  Between  the  two  arms  of  tlie  siphon,  and  forming  a 
part  of  the  iron  U,  is  placed  a  three-way  cock,  whose  construc- 
tion is  sufficiently  explained  by  the  figures.  According  to  the 
position  which  we  give  to  tliis  cock,  we  may  either  open  or  close 
the  communication  between  tho  glass  tubes,  or  vent  the  mercury 
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from  cither  t\ibe  alone,  or  from  both  together,  at  pleasure.  The 
tube  i  k  is  open  at  the  top,  aiid  the  mercury  column  which  it 
contains  receives  the  pressure  of  the  atmosphere.     The  tube  g  h 


terramat  s  in  a  ap  ilary  tube  -which  is  bent  it  iight  ingles  ind 
connei-ted  with  tlie  vc'iel  a  b  containmg  tlie  gas  or  vapor  whose 
elasticity  we  wi  h  to  measuie,  1  y  a  tonnection  of  peculni  con- 
straction,  and  admirably  adapted  foi  expeiiments  of  this  kuid. 
To  the  end  of  the  tube  &§■  ii  ctmented  the  steel  cap  a  b'd', 
which  is  represented  in  Fig.  274      The  face  of  thi&  cap  is  formed 


by  a  plane  surface,  a'  b',  and  by  a  hollow  cone,  o'.  On  the  other 
hand,  the  face  of  the  stopcock  which  closes  the  reservoir  has 
exactly  a  reverse  form,  and  the  two  are  carefully  ground  to- 
gether. In  order  to  secure  a  joint  which  is  absolutely  hermeti- 
cal,  it  is  only  necessary  to  press  the  two  together  by  means  of 
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a  brass  collar  (Fig.  275_),  which  i'<  tightened  by  means  of  the 
screws,  after  having  inteii>o&ed  a  httle  melted  India-rubber. 
The  elasticity  of  the  gas  in  the  leservoir  a  b  is  measured  by 
the  difference  of  the  level  of  the  meicury  in  the  two  arms  of  the 
tube,  and  by  the  height  of  the  baiometer.  If  the  level  is  the 
same,  then  it  is  evident  that  the  elasticity  is  exactly  equal  to 
the  atmospheric  pressure,  and  is  measured  by  the  height  of  the 
barometer.  If  the  level  is  higher  m  the  tube  A  g-  than  in  i  /c, 
then  the  elasticity  is  measured  by  the  height  of  the  barometer 
less  the  difference  of  level.  On  the  other  hand,  if  the  level  is 
highest  in  the  tube  i  k,  tlien  the  elasticity  is  measured  by  the 
height  of  the  barometer  plus  the  difference  of  level.  Eepresent- 
ing  the  elasticity  by  §,  the  height  of  the  barometer  reduced  to 
0°  by  Hg,  and  the  difference  of  level,  also  reduced  to  the  stand- 
ai-d  temperature,  by  /i„,  we  have  in  every  ease 

<g  =  fl,  ±  ha.  [IOC] 

3.  The  form  of  manometer  just  described,  although  an  ex- 
ceedingly accurate  instrument,  cannot  be  conveniently  used 
when  the  elasticity  is  greater  tlian  two  atmospheres,  because, 
when  the  difference  of  level  exceeds  76  cm., 
the  tube  i  k  must  be  made  inconveniently  long, 
and  the  instrument  becomes  difficult  to  manage- 
Where  great  accuracy  is  not  necessary,  we  can 
then  use  with  advantage  a  form  of  the  manom- 
eter which  is  represented  in  Fig.  279,  and  which 
is  based  on  Mai-iotte's  law ;  for  although,  as  we 
have  seen,  this  law  is  not  rigorously  true,  even 
in  regard  to  air,  yet  the  deviation  is  so  small 
that  it  may  be  regarded  as  exact  for  all  prac- 
tical purposes. 

This  third  form  of  manometer  consists  of  a 
cylindrical  glass  tube,  closed  at  tlie  top  and 
filled  with  dry  air.  The  lower  end  of  the  tube 
passes  through  tlie  collar  of  a  castriron  reservoir, 
and  dips  under  the  surface  of  the  mercury,  with 
which  it  is  in  part  filled.  At  the  side  of  the 
reservoir  is  an  opening  which  connects  by  the 
tube  A  with  the  closed  vessel  or  boiler  contain- 
ing the  gas  or  vapor  whose   elastic   force  is  to  be  measured. 
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The  whole  apparatus  is  fastened   to  a  wooden  plank  for  con- 
venience and  security. 

The  quantity  of  the  air  contained  in  the  glass  tube  is  such 
that,  when  the  opening  at  A  communicates  with  the  atmosphere, 
the  mercury  stands  at  the  same  level  in  the  tuhe  and  reservoir. 
Consequently,  opposite  to  this  level  on  the  plank  is  marked  the 
figure  1.  If,  now,  a  pressure  is  transmitted  through  A  equal  to 
two  atmospheres,  the  mercury  will  rise  in  the  tube  until  the  ten- 
sion of  the  confined  air,  added  to  the  pressure  of  the  mercury 
column,  just  balances  it.  AVere  it  not  for  the  weight  of  the  mer- 
cury, it  would  rise  to  just  one  half  of  the  height  of  the  tuhe  ;  but 
in  fact  it  rises  to  somewhat  less,  because  a  part  of  the  pressure  is 
supported  by  the  mercury  column  itself.  In  like  manner,  if  the 
pressure  is  increased  to  four  atmospheres,  the  merc\iry  does  not 
rise  to  three  quarters  of  the  height  of  the  tube,  because  the  pres- 
sure is  in  part  sustained  by  the  column  of  mercury,  and  is  not, 
therefore,  aU  transmitted  to  the  confined  gas.  It  is  easy  to  cal- 
culate the  exact  point  to  which  it  will  rise  when  the  height  of  the 
tube  is  known,  and  to  graduate  the  iusti'ument  by  inscribing  the 
number  of  atmospheres  at  the  side  of  the  tube.  This  instrument 
is  not  sutficieutly  delicate  for  high  pressures  ;  for,  the  volume  of 
the  air  becoming  smaller  and  smaller,  the  divisions  become  pro- 
portionally close  together. 

The  metallic  manometer  of  Bourdon,  based  on  the  elasticity  of 
metals,  has  been  already  described  (104). 

(169.)  Pneumatic  Trough.  —  This  simple  contrivance,  whicli 
we    owe    to     Dr.  c 

Priestley,  for  col 
lei^ting  TJid  tiin^ 
femng  gisc  i-- 
one  of  the  mo^t 
valuible  mstiu 
mentb  of  chcmia 
tiy  It  consists 
usually  of  a  lei^ 
lingular  tiough 
made  of  glass  oi 
of  any  otbei  suit 
able  mateiial,  in 
which  is  suspended  a  shelf, 


;  represented  in  Fig.  280.     The 
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sbiilf  is  perforated  with  one  or  more  iioles,  and  its  under  surface 
is  concave.  When  in  use,  tlie  trough  is  lilled  with  water  to  a 
level  which  is  one  or  two  inches  above  the  shelf.  In  order  to  col- 
lect a  gas,  a  glass  jar  or  beU  is  first  filled  witli  water,  and  then 
placed  on  the  shelf  with  its  mouth  downwards  and  over  the  hole. 
The  tube  conducting  the  gas  is  now  adjusted  so  that  its  moutli 
shall  open  under  the  shelf,  when  the  gas,  as  it  escapes,  wiU  bubble 
up  and  displace  tlie  water  sustained  in  the  jai-  by  the  pressure  of 
the  air.  After  one  jar  is  filled  with  gas,  it  may  be  moved  to  one 
side,  and  its  place  supplied  with  another,  previously  fiUed  with 
water,  as  before ;  or  the  jar  may  be  removed  from  the  trough  by 
sliding  under  its  open  mouth,  still  immersed  in  water,  a  plate. 
On  lifting  the  plate  from  the  trough,  it  will  hold  sufficient  water 
to  retain  the  gas  in  the  bell  standing  on  it.  "We  can  also  readily 
transfer  gases  from  one  jar  to  another  by  filling  the  jar  to  receive 
the  gas  with  water,  placing  its  mouth  over  the  hole  in  the  shelf, 
and  then  poxiring  up  the  gas  from  the  other  jar. 

A  very  simple  pneumatic  ti'ough  may  be  made  with  an  earthen- 


waif  Li  m  of  wit  i  it,  lejie  ntcl  ui  I  g  2^1  The  iti  m 
wl  d  th  ga'i  Is  to  bu  toll  t,ted  can  1  e  readd^  \.\\t  m  its  place  in 
tl  0  following  way  It  is  fiift  filled  with 
water,  and  a  glass  plate  pressed  with  the 
hand  over  the  mouth.  It  is  then  inverted, 
the  mouth  plunged  under  tho  water  of  tlie 
basin,  and  the  glass  plate  removed.      The 


'\^ 


Fig.  SB2. 


mouth  of  the  jar  may  be  conveniently  supported  on  an  inverted 
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saucer,  in  which  two  liolcs  have  been  perforated,  as  represented  in 
Fig.  282.  Through  the  hole  at  the  side  passes  the  end  of  the 
tube  conducting  the  gas. 

There  are  many  gases  wliich  are  absorbed  by  water,  and  in  ex- 
perimenting on  the'ie  we  iise  a  trough  filled  with  mprciiry.  Such 
a  trough  is  represented  m  P  g 
28o  ind  two  vertical  s  ctionb 
of  the  same  m  Pig  28-±  On 
account  of  the  co^t  of  mer 
cuiy  the  meicury  tiough  is 
made  in  such  a  form  is  to 
economize  as  fai  as  possible 
the  metal  In  other  lespects 
it  IS  precisely  similar  to  the 
watei  trough  ind  doe''  not 
1  <i  lire    a    detj.il   1    d  ^ci  p 


In  measuring  the  volume  of  i  ^  ts  standing  in  a  graduated  bell 
over  the  pneumatic  tiough,  it  must  be  remembered  that  the  gas 
is  not  exposed  to  the  pressure  of  the  itmosphere  as  indicated  by 
the  barometer,  except  when  the  level  of  the  liquid  is  the  same 
both  in  the  bell  and  in  the  trough  W  hen  the  level  is  higher  in 
the  bell,  then  thu  pressuie  exeited  on  the  gas  is  evidently  meas- 
ured by  the  height  of  tlie  barometer  11^  less  the  height  of  a  col- 
umn of  mercury  k^,,  which  is  equivalent  to  the  difference  of  level. 
If  the  trough  is  filled  with  mercury,  this  height  is  equal  to  the 
difference  of  level ;  if  with  water,  we  can  always  easily  find,  by 
[81],  the  height  of  the  column  of  mercury,  which  is  equivalent 
to  the  difference  of  water  level,  or,  more  readily,  by  inspection 
from  Table  XIX.  Let  us  call  tins  difference  of  level,  reduced  to 
centimetres  of  mercury  at  0°  C,  ha.  In  order,  then,  to  reduce  the 
27 
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volume  of  gas  to  the  standard  pressure  of  76  c.  m.,  we  have,  by 
[98],  the  proportion 

V:V'=B,~h:lQ,      or       r=  V  — ^".       [lOT.] 

The  difference  of  level  may  always  be  measured  by  a  cathe- 
tometer,  or  more  rudely  by  a  graduated  scale.  We  can  also 
avoid  this  measurement  by  sinking 
or  raising  the  bell  in  the  trough 
until  the  level  is  the  same  in  botli 
(see  Fig.  285).  This  is  not,  how- 
ever, so  accurate  a  method. 


(170.)  Gasometers.  —  These  are  instruments  for  collecting 
and  preserving  larger  volumes  of  gas.  They  liave  various  forms, 
but  that  represented  in  Fig.  286  is  one  of  the  most  useful.  It 
consists  of  a  closed  and  air-tight  cylindrical  vessel,  A,  made  of 
copper  or  zinc,  which  is  surmounted  by  a  basin,  C.  This  basin  is 
supported  on  the  cylinder  by  five  columns  of  copper,  two  of  which, 
a  and  6,  are  hollow,  and  furnished  with  stopcoclts.  The  tube  a 
opens  at  once  into  the  the  top  of  the  cylinder ;  but  the  tube  b,  on 
the  contrary,  descends  quite  to  the  bottom.  At  c,  tliere  is  a  small 
stopcock  for  drawing  off  the  gas ;  and  at  d,  a  short  curved  tube, 
which  can  be  hermetically  closed  by  the  screw-plug  k. 

In  order  to  use  the  instrument,  we  commence  by  pouring 
water  into  the  basin  C,  having  first  closed  the  opening  d,  and 
opened  the  stopcocks  a  and  b.  The  water  now  flows  into  the 
cylinder  by  the  long  tube  b,  and  the  air  escapes  by  the  tube  a, 
and  wc  continue  pouring  water  into  C  until  the  cylinder  A  is 
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completely  filled,  wliea  we  close  the  stopcocks  a  and  h.  In  order, 
now,  to  fill  the  cylinder  with  gas,  we  open  the  tubnlature  k,  and 
introduce  the  month  of  the  tube  connecting  with  the  vessel  from 
wlricli  the  gas  is  evolved.  The  pressure  of  the  air  sustains  the 
water  in  the  gasometer,  and  the  gas,  as  it  bubbles  up,  collects  in 
the  upper  part,  displacing  the  water,  which  slowly  flows  from  the 
tubulature.  "Wlien  the  evolution  of  gas  lias  ceased,  we  remove 
the  tube  and  close  the  tubulature  d. 

If  now  wo  open  the  cock  b,  a  portion  of  the  water  from  the 
vessel  C  descends  into  the  cylinder,  and  the  confined  gas  is  com- 
pressed by  the  force  of  a  column  of  water  equal  in  height  to  the  dif- 
ference of  level  of  tlie  water  in  the  two  vessels  A  and  C.  Hence, 
on  opening  the  cock  c,  the  gas  will  flow  out,  and  its  place  will  be 
supplied  with  water  from  the  vessel  C  Or,  if  we  wish  to  fill  a 
bell  witli  gas,  we  first  fill  it  with  water,  cover  tlio  mouth  with  a 
glass  plate,  and,  having  inverted  it  in  the  vessel  C,  place  it  over 
the  tube  a.  On  opening  the  cock,  the  gas  will  rise  into  the  bell 
and  displace  the  water  it  contains,  while  an  equivalent  amount 
of  water  will  descend  by  the  tube  b  into  the  cylinder. 

(171.)  Safety-Tubes. — These  tubes,  which  are  frequently 
connected  with  chemical  apparatus  for  the  purpose  of  avoiding 
explosions,  or  preventing  the  mixing  of  liquids  which  the  vessels 
composing  the  apparatus  contain,  are  excellent  illustrations  of  the 
properties  of  gases.  Let  us  siippose,  for  example,  that  we  are 
preparing  chlorine  gas  from  hyperoxide  of  manganese  and  chlo- 
rohydric  acid,  in  the  flask  A  (Fig.  287), 
and  that  connected  with  this  flask  by  the 
bent  tube  a  6  c  is  a  test-glass  filled  with 
a  solution  of  caustic  soda,  on  which  we 
wish  the  gas  to  act,  and  which  absorbs 
it  rapidly.  So  long  as  the  chlorine  is 
evolved  with  great  rapidity  the  process 
goes  on  with  regularity,  and  the  gas  bub- 
bles up  through  the  solution. 

The  elastic  force  of  the  chlorine  gas  in 
the  flask  is   evidently  greater  than  the  ri„.^?i 

pressure  of  the  atmosphere ;  because  it 

balances  not  only  the  atmospheric  pressure  on  the  solution  of 
caustic  soda,  but  also  a  column  of  this  solution  whose  height, 
a  (Fig.  287),  is  equal  to  the  difference  of  level  between  the  surface 
of  the  liquid  in  the  test-glass  and  the  open  mouth  of  the  gas- 
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S  =  -h; - 


[108.] 


tube  c.  The  pressure  of  the  atmosphere  is  measured  by  i^,  the 
height  of  the  column  of  mercury  which  it  supports.  We  may 
also  measure  the  pressure  exerted  hy  the  column  of  liquid  a  in 
tlie  same  way  ;  for  when  we  know  its  specific  gravity,  it  is  easy, 
hy  [81],  to  find  the  heiglit  of  a  column  of  mercury  which 
would  exert  the  same  pressure.  Let  K  represent  the  height  of 
this  column  of  mercury,  and  (  S,p.  Gr.")  and  (  ^.  Gr.y  the  specific 
gravities  of  mercury  and  the  solution  respectively;  we  shall 
have  o:  Ao  =  (^.Gr.)  :  iSp.Gr.y,  and  h,  =  a^^^^.  Then 
the  elastic  force  of  the  gas  in  the  balloon  is  equivalent  to  a  col- 
umn of  mercury  whose  height  equals  the  sum  of  H„  and  /(„,  or 

^  {Sp.Gr.) 

Let  us  suppose,  now,  that  from  any  cause,  such  as  the  exhaus- 
tion of  the  materials,  or  the  cooling  of  the  flask,  the  evolution  of 
chlorine  ceases ;  it  is  evident  tliat,  if  the  solution  continues  to 
absorb  the  gas  contained  in  the  flask  A,  the  elastic  force  of  this 
gas  -will  constantly  diminisli,  and  the  pressure  of  the  atmosphere, 
remaining  constant,  will  cause  the  liquid  to  rise  in  the  tube  b  c. 
If  the  experimenter  is  present,  he  can  prevent  accident  by  uncork- 
ing tiie  flask ;  hut  if  the  absorption  continues,  the  greater  part  of 
the  solution  may  foe  pressed  over  into  the  flask,  and  the  experi- 
ment defeated. 
Such  an  accident  can  be  prevented  by  adjusting  to  the  flask 
the  safety-tube  efg,  having  tlie  form  rep- 
resented in  Fig.  288.  Into  this  tube  we 
pour  a  quantity  of  the  same  liquid  which 
is  contained  in  the  flask,  and  which  in  the 
present  case  would  be  chlorohydric  acid. 
When  the  process  is  going  on  reguhrly 
and  the  gas  is  escaping  fiom  the  mouth  of 
the  tube  c,  the  tension  of  the  g^s  ni  the 
flask  will  raise  a  column.  A,  of  chloiohy- 
drie  acid  in  the  tube/g",  -which  nm^t  ne 
cessarily  exert  a  pressme  equal  to  this 
tension  less  tlie  pressure  of  the  air  on 
riB.EBs.  the  top  of  the  column.     Hence  by  [108] 

this  pressure  is  measured  by  a  column  of  mercury  which  equals 
a  g^-^-)'       Moreover,  if  (.^P-  G'"-)"   represents    the    specific 


d  by  Google 


THE  TOEEB  STATES   OF  MATTER. 


31T 


gravity  of  tlio  add,  a  column  of  mercury  exerting  an  cquivar 
lent  pressure  will  also  be  equal  to  A  ^,  ^-  '  '■'- ,  and  wo  shall  liavo 


.  (Sp.Gr.r 


[109.] 


(^.Gr.y 
'  (Sp.Gr.)  ' 

If  now  the  evolution  of  gas  ceases,  and  the  tension  of  the  gas 
in  tlie  flask  becomes  less  than  the  pressure  of  the  atmosphere,  as 
before,  the  liquid  will  rise  in  tlie  tube  b  c.  But  it  will  also  fall 
in  the  tubeg-/;  and  if  the  parts  are  properly  proportioned,  the 
cliloroliydric  acid  will  fall  to  the  lowest  point,  /,  of  tlie  safety- 
tube,  before  the  solution  reaches  the  point  b,  when  air  will  enter 
the  flask  by  the  safety-tube  and  prevent  any  accident.  A  bulb  is 
blown,  at  the  point «!,  sufficiently  large  to  hold  all  the  liquid  con- 
tained in  the  tuhefg;  and  the  air,  in  entering  the  flask,  bubbles 
tlirough  the  liquid  in  this  bulb. 

This  safety-tube  is  also  a  security  against  the  bursting  of  the 
flask.  It  not  unfrequently  happens,  in  experiments  similar  to 
the  one  just  described,  that  the  mouth  of  the  exit-tube  becomes 
clogged  by  a  iSeposition  of  solid  matter.  If,  now,  the  evolution  of 
gas  continues,  the  pressure  rapidly  increases  on  the  interior  of 
tlie  flask,  and  soon  becomes  greater  than  the  thin  walls  of  the 
vessel  can  resist,  when  an  accident  would  result.  A  safety-tube 
effectually  prevents  such  a  possibility ;  for  when  the  tension  of  the 
gas  becomes  much  greater  than  the  pressure  of  the  atmosphere, 
the  liquid  will  be  driven  out  of  the  safety-tube,  and  the  gas  caji 
then  escape  freely  into  tlie  atmosphere. 

The  safety-tube  also  enables 
us  to  introduce  liquids  into  the 
flasks  during  tlie  experiment, 
without  removing  the  cork. 

When  the  vessel  used  for  mak- 
ing gas  is  a  retort,  the  safety- 
tube  may  be  attached  to  the  exit- 
tube,  as  represented  in  Pig.  289. 
This  peculiar  form  of  safety-tube 
is  called  Welter's  lube,  from  the 
name  of  the  chemist  who  in- 
vented it. 

In   making  hydrogen  or  car- 
bonic acid,  we  frequently  use  a  two-necked  bottle,  such   as  is 
27* 
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represented  in  Pig.  290.  The  safety-tube  may  tlicn  be  a  simple 
straight  tube  surmounted  by  a  funnel,  and  dipping  a  few  milli- 
metres below  tlie  surface  of  the  liquid  in  the  bottle.     If,  as  bc- 


Kg.290.  SiE-aal. 

fore,  Tve  pass  the  gas  into  some  solution  eontained  in  a  test-glass 
(Fig.  291),  the  tension  of  the  gas  in  the  bottle  will  raise  a  column 
of  liquid.  A,  in  the  safety-tube,  whose  height  will  bear  tiic  same 
proportion  to  that  of  the  column  a  (Pig.  289)  which  the  specific 
gravity  of  the  liquid  in  the  test-glass  has  to  that  in  the  bottle. 

It  not  unfrcquently  happens,  that  we  wish  to  transmit  the  same 
gas  tlirough  a  series  of  flasks  containing  the  same  or  different 
solutions.  Let  us  suppose  that  we  used  the  arrangement  of 
three-necked  bottles  represented  in  Pig.  292,  containing  solutions 


which  absorb  the  gas  evolved  from  the  flask  A,  and  let  us  exam- 
ine what  would  be  the  tension  of  the  gas  in  the  successive  jars. 
The  gas  in  the  jar  S  communicates  directly  with  the  atmosphere 
tlu-ough  the  tube  o,  and  its  tension  is  therefore  represented  by 
the  height  of  the  barometer,  or  B^.  The  tension  of  the  gas  in 
the  jar  D  must  evidently  be  measured  by  the  height  -Hi  plus  tho 
height  of  a  column  of  mercury  which  is  equivalent  to  the  column 
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of  the  liquid  in  the  jar  _B,  indicated  by  a""  in  the  figure.  In  like 
manner,  tlie  tension  of  the  gas  in  the  jar  C  will  be  equal  to  the 
tension  in  I)  plus  a  quantity  which  is  measured  by  a  column  of 
mercury  equivalent  to  a!";  and  so  on  for  C  and  B.  Finally,  the 
tension  of  the  gas  in  the  ilask  will  be  equal  to  the  tension  in  B  plus 
a  quantity  which  is  measured  by  a  column  of  mercury  equivalent 
to  o!.  If,  then,  we  represent  the  specific  gravities  of  the  liquids  in 
the  four  bottles  by  d',  d",  d'",  and  d"",  and  that  of  mercury  by  5, 

d'  d" 

we  shall  have  for  tlic  equivalent  mercury  columns,  a  j,  a   j, 

a'"  — ,  and  a""  —  .  The  measures  of  the  tension  of  the  gas  in 
the  four  bottles  and  the  flask  are,  then,  as  follows :  ~ 


In  the  bottle  i?.. 

..-ffo. 

,,         .,      J, 

H.  +  •" 

«         "      C 

//,  +  o- 

"      JJ 

B-.  +  a- 

In  the  flask  A 

11,  + a" 

,d' 


[110.] 


If,  now,  the  evolution  of  gas  ceases  in  the  flask,  while  the  ab- 
sorption continues  in  the  bottles,  it  is  evident  that  there  will  be 
a  transfer  of  liquid  from  right  to  left  through  the  bottles,  and 
from  the  first  bottle  to  the  flask ;  or,  on  the  other  hand,  if  either 
of  the  tubes  be  ....,h'c' ....,  should  become  clogged,  the  pressure 
would  increase  indefinitely  in  the  apparatus,  until  one  of  the  ves- 
sels in  front  of  the  obstruction  bursts.  This  would  usually  be 
the  flask,  because  it  is  weaker  than  the  rest.  Both  of  these  dan- 
gel's  may  be  avoided,  by  arranging  the  apparatus  with  safety- 
tubes,  as  represented  in  Fig.  293 ;  for  then,  if  the  pressure  in 
the  bottles  or  flask  becomes  considerable,  a  portion  of  the  liquid 
will  be  forced  out  at  these  tubes ;  or,  on  the  other  hand,  if  it  be- 
comes much  less  than  that  of  the  atmosphere,  air  will  bubble  in 
through  the  same  channels. 

When  the  gas  is  flowing  freely  from  the  flask  through  the 
apparatus,  and  bubbling  in  each  bottle,  it  is  easy  to  calculate 
the  heights  to  which  the  liquid  will  rise  in  the  safety-tubes, 
since  the  tension  of  the  gas  in  tho  different  parts  of  this  ap- 
paratus must  be  the  same  as  in  the  other.  For  example,  the 
tension  of  the  gas  in  D  is  measured  hy  11^  ■\-  a'"  -^  '■>   ^'^^^  ^* 
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must  also  1  e  measmed  by  Ha  plus  a  columu  of  meicury  equiv- 
aleut  to  the  column  of  li  ^unl  h  m  the  safetj  tube.  This 
column  of  mui^mj,  as  is  evident  fiom  what  has  been  said, 
is  equil  to  /(     -7      ind  hi.  nee  we  liti\c  /(     -~  ^  a     -r- , 


And  in  like  manner  we  can  easily  find 

;  //  __    III  ^"'    I      '/"  ^"" 


+  «"^+« 


[111.] 


The  apparatus  thus  constructed  is  usually  called  Woolf's  appa- 
ratus. 

(172).   Siphon.  —  The  principle  of  this  well-known  insti-u- 
ment  is  illustrated  by  Fig.  294.     The  siphon-tube  abc  is  filled 
^  with  the   same   liquid  as   the  two  beaker- 

I  which  its  ends  are  dipped,  and 
the  liquid  is  sustained  in  the  tube  by  the 
I  of  the  air.  If  the  level  of  the 
liquid  in  the  two  vessels  is  on  the  same  hori- 
zontal plane,  it  is  evident  that  the  columns 
of  liiiuids  in  the  two  legs  of  the  siphon  will 
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have  the  same  yertical  height,  and  will  be  in  equilibrium.  If, 
however,  the  liquid  stands  at  a  lower  level  in  one  vessel  than  in 
the  other,  as  in  the  figure,  tlien  the  two  columns  of  liquid  in  the 
legs  of  the  siphon  will  not  have  the  same  height,  and  a  difference 
of  pressure  will  result,  corresponding  to  the  difference  of  level. 

In  order  to  ascertain  what  will  he  the  result  of  this  difference  of 
pressure,  take  a  section  through  the  tube  at  the  highest  point,  b, 
and  consider  the  amount  of  pressure  on  the  two  faces  of  this  sec- 
tion. On  the  face  towards  the  vessel  a,  this  pressure  is  equal  to 
the  pressure  of  the  atmosphere  (measured  by  the  height  of  the 
barometer),  or  Ho,  less  the  pressure  of  a  column  of  the  liquid  used 
whose  height  is  equal  to  the  difference  of  level  between  b  and  the 
surface  of  the  liquid  in  the  vessel  a.  Let  us  represent  the  height 
of  a  column  of  mercury  which  is  equivalent  to  that  of  the  liquid 
by  /(„  and  the  surface  of  the  section  by  s.  We  shall  then  have, 
for  the  pressure  on  this  surface  of  the  section,  the  value 

£^s{H,  —  h;).  [112.] 

On  the  surface  of  the  section  towards  the  vessel  c,  we  have  for 
the  pressure  a  value 

£'=s(Jl—h',);  [113.] 

in  which  A'o  represents  the  height  of  a  column  of  mercury  wliich  is 
eqiiivalent  to  a  column  of  the  liquid  used  whose  height  is  equal 
to  the  difference  of  level  between  b  and  c.  When  the  level  of  the 
liquid  is  the  same  in  both  vessels,  it  is  evident  tliat  h„=!h'i,.  Hence 
the  pressures  on  the  two  surfaces  are  equal,  and,  as  already  stated, 
there  will  be  an  equilibrium.  If  the  level  in  the  vessel  c  is  lower 
than  in  a,  then  Ao<A'o,  and  H„^^h„^Ha  —  h'„.  There  will, 
therefore,  be  an  excess  of  pressure  in  the  direction  of  the  vessel  c 
equal  to  h'a  —  A,,  which  will  cause  a  constant  flow  of  liquid  in 
the  direction  of  the  greatest  pressure.  This  flow  will  continue 
until  /io^/t'o,  or  until  the  level  is  the  same  in  both  vessels.  If 
the  vessel  c  is  removed,  then  h'„  represents  the  height  of  a  column 
of  mercury  equivalent  to  a  column  of  the  liquid  used  whose 
height  equals  the  vertical  distance  between  the  mouth  of  the 
tube  and  &.  If  this  mouth  is  below  the  level  of  the  bottom  of 
the  vessel  a,  it  is  evident  that  A„  can  never  equal  A'„ ;  and  hence 
the  flow  in  this  case  will  continue  until  the  surface  of  the  liquid 
in  the  vessel  falls  below  the  mouth  of  the  tube  at  a.  It  is  evi- 
dent, that,  other  things  being  equal,  the  velocity  of  the  flow  will 
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depend  on  the  difference  between  h\  and  /(„.  In  the  ordinary 
metliod  of  using  a  eiphoii,  as  represented  in  Pig.  294,  tliis  differ- 
ence is  constantly  diminishing;  and  hence  tlie  velocity  of  the  flow- 
is  constantly  diminishing. 

The  siphon  is  frequently  employed  in  the  laboratory  for  de- 
canting liquids.  Before  using  the  instrument,  it  is  necessary  to 
fill  it  "witli  the  hquid  to  he  decanted.  If  this  liquid  is  water,  tlie 
siphon  is  easily  filled  by  closing  the  end  of  the  short  leg  with  the 
iiiiger,  and,  after  inverting  tlie  instrument,  by  pouring  in  water  at 
the  otlier  end,  the  air  being  allowed  to  escape  from  the  short  leg 
by  lifting  for  a  moment  the  finger.  "When  the  tube  is  filled,  it 
can  easily  he  reversed,  and  the  end,  still  closed  with  the  finger, 
plunged  under  the  liquid  in  the  vessel ;  when,  on  removing  the 


finger,  the  water  will  begin  to  flow.  The  siphon  can  also  be  filled 
by  dipping  the  end  of  the  short  leg  in  the  liquid,  and  sucking 
out  the  air  from  the  other  leg  with  the  mouth.  In  the  labora- 
tory, the  siphon  is  frequently  iised  for  decanting  corrosive  liquid; 
and  it  is  then  necessary  to  resort  to  various  contrivances  for  fill- 
ing it.  The  one  represented  in  Fig.  295,  which  can  easily  be 
made  of  glass  tubes  and  cork,  is  one  of  the  best.  The  short  leg 
is  plunged,  as  usual,  into  the  liquid.  The  end  of  the  long  leg  is 
tlien  closed  by  tlie  finger,  which  can  be  protected  by  a  piece  of 
India-rubber,  and  tlie  air  is  sucked  out  by  the  mouth  applied  at 
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tlio  end  of  the  side  tube.  As  soon  as  tlio  liquid  descends  into 
the  enlargement  at  the  end  of  the  long  leg,  the  finger  is  with- 
drawn. 

(173.)  MarioUe's  Flask.  —  It  is  sometimes  important  to  ob- 
tain -with  the  siphon  a  uniform  flow  of  liquid.  This  can  be  easily 
secured  by  moans  of  the  apparatus  represented  in  Fig.  296, 
called  Mariotte^ B  flask.  It  consists  of  a  bottle  with  two  necks, 
into  one  of  which  a  straight  tube,  and  into  tlie 
other  a  bent  tube,  have  been  adjusted  air-tight, 
both  reaching  nearly  to  the  bottom  of  the  bof^ 
tie.  The  siphon-tube  is  filled  by  blowing  in  air 
through  the  straight  tube,  when  the  flow  contin- 
ues of  iiniform  velocity  until  the  surface  of  the 
liquid  in  the  bottle  has  fallen  to  the  level  bed, 
the  air  constantly  entering  the  bottle  by  the 
straight  tube  at  b. 

It  can  easily  be  shown  that  the  flow  in  this 
case  must  be  uniform  in  velocity.  Consider,  as 
before,  a  section  tlirough  the  siphon-tube  at  the  highest  poiiit. 

Tlie  pressure  on  the  surface  of  this  section  towards  o  is  evi- 
dently 

JF"  =  s(JJ„  — A'„);  [114.] 

wliere  h'a  is  the  height  of  a  column  of  mercury  equivalent  to  a 
column  of  the  liquid  used  whose  height  equals  the  vertical  dis- 
tance from  0  to  the  centre  of  gravity  of  the  section. 

The  surface  of  the  section  towards  c  is  evidently  exposed  to 
the  pressure  exerted  by  tlie  confined  air  on  the  surface  of  the 
liquid  in  the  bottle,  less  the  pressure  of  a  column  of  the  liquid 
whose  height  equals  tlie  vertical  distance  between  this  surface 
and  the  centre  of  gravity  of  the  section.  If  we  represent  the 
tension  of  the  confined  air  by  ^,  and  the  height  of  a  column 
of  mercury  equivalent  to  the  column  of  liquid  by  /("„  we  easily 
obtain  for  the  pressure  on  tlio  surface  of  the  section, 

5  =  s  05-4".). 

When  the  apparatus  is  in  use,  and  air  is  freely  entering  through 
b,  it  is  evident  that  the  pressure  of  the  atmosphere  at  b  is  bal- 
anced by  the  pressure  of  the  confined  air  on  the  surface  of  tlie 
liquid,  and  by  the  pressure  of  the  column  of  liquid  above  b. 
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Hopreseiiting  the  equivalent  of  this  column  in  centimetres  of 
mercury  by  h"\,  and  the  height  of  tlie  barometer  liy  H^,  we  ob- 
tain Ha  =  %-\-  h"\ ;  and  by  substitution, 

ir  =  ,  [74- (;.',+  ;.-;)]■  [usj 

Siibtracting  tliis  value  from  [114] ,  we  obtain 

ir-f'  =  .p;-(;.".+i";)].         [ii6.] 

The  value  /i"o-|- /i"'o  represents  the  height  of  a  column  of  mer- 
cury equivalent  to  a  column  of  the  liquid  used  whose  height 
equals  the  vertical  distance  between  c  and  the  centre  of  gravity 
of  the  section.     As  this  height  remains  constant,  and  is  indepen- 
dent of  the  height  of  the  liquid  in  the  bottle,  it  is  evident  that 
the  difference  of  pressure  [116]  which  determines  tlie  velocity 
of  the  flow  will  also  be  constant.     It  is  also  evident  that  the  dif- 
ference of  pressure  is  always  equal  to  a  column  of  the  liquid 
used  whose  height  equals  the  difference  of  level  between  b  and  o. 
A  very  useful  application  of  Mariotte's  bottle  is  represented  in 
Pig.  297.    It  is  frequently  necessary,  in  the  laboratory,  to  wash 
for   several  hours,  or   even 
days,  a  precipitate  which  has 
s==^  been  collected  on   a  filter. 

I  This  is  done  by  keeping  the 

i  iilter  constantly  full  of  wa- 

j    '  I  ter,  which  slowly  percolates 

I  _._ _i|  H,  through  the  porous  mass  on 

119  the   iilter,   and  washes   out 

I     1 1*1  I  everything  which  is  soluble. 

II  \*J  I  Mai-iotte's    bottle    furnishes 

]\|a  -^mJLw       an  atitomatic    machine,  by 

J^^My  which  the  water  in  the   fil- 

— _ ^W  ^^^  '^^^  ^^  maintained  at  a 

W  constant  level.     The  disposi- 

iffi^       tion  of  the  apparatus  is  suf- 

f^pS'^fc&      ciently  explained  by  the  fig- 

^'^  ^^  ure.     Tlie  difference  of  level 

between  b  and  o  is  made  very  small,  and  the  water  flows  from 

the  bottle  to  tlie  filter,  until  the  level  rises  to  the  lower  dotted 

line  in  tbo  figure.     Then  the  flow  ceases,  but  i 

soon  as  tlie  level  falls. 
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The  principle  of  Mariotte's  bottle 
is  also  applied  to  produce  a  mviform 
flow  of  air  tlirough  the  tube  apparatus 
which  is  frequently  used  in  chemical 
analysis.  Fig.  298  represents  what  is 
termed  an  aspirator  jar.  The  tube, 
which  passes  air-tight  tlirough  the 
cork  in  the  neck,  has  a  free  communi- 
cation with  the  atmosphere,  and  the 
current  of  air  is  caused  by  the  flow  of 
water  from  the  cock  at  r.  The  veloci- 
ty of  the  flow  of  water  from  tiic  cock, 
other  things  being  equal,  depends 
upo    tl  e  p  e  su  e  exe  ted  o     a    ec- 

tion  of  the  stopcock  ;  an  1   t    a    ea  ly  b      eo     tl  at  tl  11  be 

the  same  until  tlie  Icvul  of  tl  e      at 

the  jar  has  fallen  below  tl  e      oufl   of  t! 

tube  V. 
(174.)    Wash-Bottle.  —  Tl        n  pi      n 

strument  (Fig.    299),   -v  1  el  o  1 

used  in  the  laboratory,  i    o  e  of  th     uo  t 

useful  applications  of  the  i  o[  e  t  es  ot  j,as 

es.     By  condensing  the  a     ove    tl  e  w  ter 

in  the  bottle,  by  blowing    n  at  the  t  b 

the  liquid  is  forced  out  at  o  in  a  line  jct 

which  can  be  directed  at  pleasure. 

Machines  for  Rarefying'  and  Conden.  ing  iu 
(175.)  Tlie  Air-Pump.  —  One  of  the  simplcbt  funis  of  the 
air-pump  is  represented  in  Fig.  300.  It  consists  of  a  hollow 
brass  cylinder,  in  which  a  piston  moves  readilj  up  and  down  by 
a  handle  attached  to  the  piston-rod  above  The  inner  surface  of 
the  cylinder  is  perfectly  smooth  and  true  so  tliat  t!ie  piston, 
which  is  formed  of  yielding  materials,  moves  air  tit,ht  through 
its  whole  course.  Moreover,  the  under  suiface  of  the  piston  fits 
exactly  the  bottom  of  the  cylinder,  so  that,  when  the  piston  is  in 
the  lowest  position,  there  can  be  no  air  between  it  and  the  cylin- 
der bottom.  The  upper  end  of  the  piston  is  closed  by  a  brass  cov- 
er, through  which  the  piston-rod  passes  freely,  and  the  atmosphere 
28 
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has  free  access  to  the  upper  surface  of  tlie  piston.  The  lower  end 
of  the  cylinder  opens  into  a  narrow  tube,  which  connects,  at  one 
end,  with  the  glass  bell  on  the  plate  of  the  air-pump  through  the 


stopcocii  «,  and  at  the  other,  with  the  atmosphere  through  the 
stopcock  p.  Jiist  below  the  bottom  of  the  cylinder  there  is 
placed  a  stopcock  of  pecuhar  construction.  The  core  of  the 
cock  is  bored  with  two  holes,  one  of  which  has  the  same  position 
as  in  ordinary  stopcocks,  and  as  is  shown  in  the  figure.  The  po- 
sition of  the  second  is  shown  in  the  small  section  at  the  side. 
When  the  cock  has  tlie  position  indicated  in  the  main  figure, 
there  is  a  direct  connection  between  the  interior  of  the  cylinder 
and  the  glass  bell.  If  the  cock  be  now  turned  through  ninety  de- 
grees, till  it  takes  the  position  shown  in  the  small  section,  the  con- 
nection with  the  glass  bell  will  be  closed,  and  direct  communica- 
tion with  the  atmosphere  opened  through  the  channel  s  v.  The 
channel  r  m  opens  in  the  centre  of  a  round  plate  made  of  brass, 
or,  still  better  for  chemical  uses,  of  glass.  This  plate  is  ground  on 
its  upper  surface  perfectly  plane.     The  lower  edges  of  the  glass 
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bell-i-Gceivers  are   also   carefully  ground,  and  may  bo  made  to 
adhere  air-tight  to  the  plane  by  interposing  a  little  oil. 

The  principle  of  the  air-pump  can  now  be  easily  explained. 
Let  us  suppose  that  the  piston  is  in  its  lowest  position,  and  that 
the  stopcock  is  iu  the  position  represented  in  the  figure.  If  now 
WQ  draw  up  the  piston  by  the  hand,  the  air  contained  iu,  the  bell- 
receiver  and  in  the  tube  connecting  it  with  the  cylinder  will 
expand  until  it  fdls  tlie  cylinder ;  and  its  volume  being  thus 
increased,  its  density  will  be  proportionally  diminished.  Let  us 
next  turn  the  stopcock  g  into  the  position  represented  in  the  sec- 
tion. The  bell  is  thus  hermetically  closed,  but  a  comiection  is 
opened  between  the  cylinder  and  the  atmosphere.  Now,  on  press- 
ing down  the  piston,  all  the  air  in  tlie  cylinder  will  be  forced 
into  the  atmosphere.  The  stopcock  may  then  be  turned  back 
to  its  first  position,  and  the  same  motion  repeated,  which  will  fur- 
ther rarefy  the  air  in  the  bell ;  and  thus  the  process  may  be  con- 
tinued until  the  reqtiired  degree  of  exhaustion  is  obtained. 

(176.)  Degree  of  Exhaustion.  —  It  is  obvious  tliat  the  eflfect 
of  the  air-pump  depends  upon  the  expansive  force  of  air,  and 
that  each  motion  of  the  piston  is .  accompanied  with  a  certain 
amount  of  expansion  of  the  air  in  the  bell.  This  amount  is  evi- 
dently determined  by  the  size  of  the  cylinder,  as  compared  with 
that  of  the  bell  and  the  tube  leading  to  it.  "With  these  data,  we 
can  easily  calculate  the  degree  of  exhaustion  after  each  stroke 
of  tlie  piston. 

Let  us  then  represent  the  volume  of  the  bell-receiver  and  of  the 
tube  connecting  it  with  the  cylinder  by  V;  and  that  of  the  cylin- 
der itself,  when  the  piston  is  at  its  highest  position,  by  v.  Let  us 
suppose  that  the  piston  starts  from  its  lowest  position,  and  let  us 
take  the  quantity  of  air  contained  in  tlie  receiver  and  the  tube  as 
unity.  When  now  the  piston  is  raised,  the  volume  occupied  by 
this  quantity  of  air  (taken  as  unity)  becomes  Y  -\-v.  When  the 
stopcock  is  turned  and  the  piston  lowered,  tlie  volume  v  is  ex- 
pelled, which  is  a  portion  of  the  original  quantity  (or  unity) 
represented  by  tttt  ■  '^^^^  piston  is  now  in  its  initial  position, 
and  the  quantity  of  air  remaining  in  the  i-eceiver  and  tube,  after 
the  first  stroke,  is 
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Reversing  tlio  stopcock,  and  raising  again  tlie  piston,  this  q\ian- 
tity  of  air,  -y^rr  '  occupying  the  volumo  V,  expands  to  the  vol- 
iirtio  V4-V.  When  the  piston  descends,  tlic  volume  v  is  ex- 
pelled,  which  is  yj—  of  the  -whole,  or  of  -pqT^ !  t'l^t  is,  7-^_|_^,,-3 
of  unity.     There  remains,  therefore,  after  the  second  stroke, 

At  the  third  stroke  of  the  piston,  the  same  proportion  of  th(^  air 
now  remaining  is  expelled  as  before ;  and  there  is  consequently 
left,  after  the  third  stroke, 

v^  vv^ yi_  m9 1 

Xr+vj-''{V^vf'-{V+vf'  L       -J 

In  like  manner  there  will  remain,  after  the  wth  stroke, 

r"-'_        vY- 

If,  for  example,  the  volume  of  the  receiver  is  equal  to  ten  litres, 
and  that  of  the  cylinder  to  one  litre,  we  shall  have,  for  the  amount 
of  air  left  after  the  fiftieth  stroke,  i?-5i  =  0.0085   of  the  original 

quantity. 

Since  tho  value  of  [120]  never  can  become  zero  until  w  =  oo, 
it  is  evident  that  we  can  never,  even  theoretically,  by  means  of 
the  air-pump,  exhaust  the  whole  of  the  air.  Nevertheless,  theo- 
retically we  ought  to  be  able  to  approach  a  perfect  vacuum  in- 
definitely by  continuing  the  process  for  a  sufficiently  long  time. 
Practically,  however,  the  limit  is  soon  reached  ;  and  even  with 
the  best  pumps,  we  can  never  obtain  a  degree  of  exhaustion 
g  t  tl  an  tl  at  when  -nr^sth  of  the  original  quantity  of  air  is 
1  ft  n  tl  ver.     It  is  not  difficult  to  explain  the  cause  of  the 

d        1  an  y  b  tween  the  theoretical  and  the  practical  results. 

I  a  y  ma  1  ine,  however  well  made,  there  must  be  a  number 
of  J  nt  wl  h  are  never  absolutely  hermetical.  There  are  fre- 
q       tly,  1  the  metal  itself,  imperceptible  pores  which  trans- 

mit air.  During  the  first  few  strobes  of  the  piston,  this  minute 
leakage  produces  no  perceptible  effect ;  but  when  we  attain  a  higli 
degree  of  exhaustion,  the  air  enters  by  these  minute  crevices  as 
fast  as  we  can  remove  it  by  the  pump. 
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But  besides  this  imperfection,  tlie  capability  of  the  iiistriimeiit 
is  limited  in  still  another  way.  In  calculating  tlie  degree  of  ex- 
liaitstion,  we  supposed  that  at  each  descent  of  the  piston  the 
whole  of  the  air  was  expelled  from  the  cylinder ;  and  this  would 
be  the  case,  if  the  base  of  the  pistou  adhered  exactly  to  the  base 
of  the  cylinder.  In  practice,  however,  there  is  never  an  absolute 
adhesion  ;  and  a  small  amount  of  air  remains  between  the  two, 
which  no  force  applied  to  the  piston  is  able  to  expel.  When, 
therefore,  after  working  the  pump  for  some  time,  this  small 
amount  of  air,  expanded  through  the  whole  interior  of  the  cylin- 
der, exerts  a  pressure  equal  to  that  of  the  air  remaining  in  the 
receiver,  it  is  evident  that  the  air  from  the  receiver  can  no  longer 
expand  into  tlie  cylinder,  and  the  pump  will  cease  to  exhaust. 
But  although  a  perfect  vacuum  can  never  be  obtained  with  an 
air-pump,  yet  a  sufficient  degree  of  exhaustion  for  all  practical 
purposes  is  easily  attained. 


(177.")  Air-Pump  with  Valves.  — The  form  of  air-pump  de- 
scribed in  (175)  is  exceedingly  simple  in  its  construction,  and  not 
liable  to  get  oat  of  order.     It  is  therefore  well  adapted  for  use  in 
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the  chemist's  labotatoij ,  i\licrc  it  i'-  exposed  to  vapors  which  are 
likely  to  iiijuie  any  delicate  Tal\es  It  is  open,  however,  to  two 
seiious  objections  In  the  first  place,  the  stopcock  q  must  be 
turned  by  the  hand  at  each  stioke  of  the  piston  ;  and  although 
Ihis  motion  maj  be  obtained  by  means  of  cranks  and  levers,  yet 
this  machinery  renders  the  instrument  unnecessarily  complicated. 
In  the  sccood  place,  the  piston  must  be  raised  tlirougli  the  whole 
length  of  each  stioke,  against  a  great  pressure  of  air,  which 
rapidly  increases  as  the 
exhaustion  proceeds,  an 
objection  which  would  be 
very  serious  in  a  large 
pump,  rendering  a  great 
force  necessary  to  work 
it.  Both  of  these  difficnl- 
ties  are  overcome  in  the 
pump  represented  in  Fig, 
801.  A  section  of  this 
pump  is  represented  in 
Fig.  302,  and  the  details 
of  the  upper  valve  in 
Fig.  303. 

In  this  air-pump  there 
are  three  valves,  all  open- 
ing upwards  :  one  at  the 
bottom  of  the  cylinder, 
covering  the  mouth  of 
the  tube  connecting  with 
the  receiver  (a  in  Fig. 
302) ;  one  at  the  top  of 
the  piston,  b,  covering  the 
holes  perforated  through 
it;  and, finally,  one  at  the 
top  of  the  cylinder,  c,  cov- 
ering the  aperture  which  opens  into  the  atmosphere.  The  piston- 
rod  passes  through  a  packing-bos,  &,  in  which  it  moves  air-tight, 
and  the  power  is  applied  to  the  piston-rod  by  means  of  a  lever, 
which  facilitates  the  working  of  the  pump.  Let  us  now  sup- 
pose that  wc  start  with  the  piston  at  the  bottom  of  the  cylinder, 
and   proceed  to  raise  it.     The  air  from  the  receiver  expands 
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into  the  empty  space  thus  formed  in  the  cylinder,  raising  the 
valve  a.  As  now  the  piston  descends,  the  valvo  a  closes  and 
prevents    the    air    from 


turning  to  the  receiver  ;  and 

this   air  passes  up,  tliiough 

tlie  holes  m  the  pi'-fon,  into 

the  uppet  part  of  the  cylin 

der,    raising    the    ^ilve    d 

When  next  the  piston  nses,       ^ 

this  same  air,  now  in  the  up-  ^ 

per  part  of  the  cyhndei,i&  foiccd  out  into  the  itmo-vphere  by  rais 

ing  the  -ialvL  c      At  the  ';ame  time,  i  fiesh  amount  of  in  from 

the  receivei  e\pands  into  the  space  below  the  piston  which  an  is 

forced  out  by  thu  uoft  stioke  at  the  \al\e  c,  as  before,  and  thus. 

continuously 

It  is  evident  fiom  the  construction,  thit,  as  the  piston  ii=ies,  the 
air  above  it  is  gradually  condensed,  and  the  valve  c  does  not  open 
until  the  density  of  the  air  is  equal  to  that  of  the  atmosphere. 
During  the  first  few  strokes,  the  force  required  to  raise  the  piston 
is  considerable  ;  but  as  the  exhaustion  proceeds,  the  effort  neces- 
sary becomes  less  and  less,  until  at  last  only  sufficient  force  is 
required  to  overcome  the  friction,  and  a  sudden  pressure  at  the 
end  of  the  stroke  to  expel  the  air  condensed  at  the  top  of  the 
cylinder.  In  pumps  like  the  one  represented  in  Fig.  300,  the 
size  of  the  piston  and  cylinder  is  necessarily  very  limited ;  be- 
cause, if  the  area  of  the  piston  exceeds  a  very  limited  extent,  the 
pressure  of  tlie  air  on  tlie  upper  surface  becomes  so  great,  as  the 
exhaustion  proceeds,  as  to  require  an  impracticable  amount  of 
force  to  work  the  pump.  With  pumps  of  the  construction  just 
described,  this  pressure  is  in  great  measure  removed  ;  and  it  is 
possible  to  increase  very  greatly  their  size  advantageously.  Fig- 
ure 304  is  a  representation  of  a  large  air-pump  of  this  descrip- 
tion, made  by  Eitchie,*  of  Boston.  The  piston  is  10  c.  m.  in 
diameter,  and  the  length  of  the  stroke  26  c.  m.  The  ground 
brass  plate  is  37  c.  m.  in  diameter,  and  admits  of  as  large  a  bell- 
receiver  as  can  be  readily  made.  The  efficiency  of  the  pump 
depends  in  great  measure  upon  the  valves.     Those  are  best  mado 


The  two  rppi-(;sciitiitioiis  of  air-pumps,  Fig.  SOI  and  Fig.  304,  are  from  tlio  cata- 
10  of  Mr.  E.  S.  Eitchie,  a  very  export  philosophical-inatrument  mnkcr  of  Boston. 
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of  delicate  oil-silk.     The  details  of  the  upper  valve  of  the  [jump, 
as  made  by  llitchie,  are  shown  in  Fig.  303.     Tho  oil-silk  disk,  a, 


is  kept  iii  its  place  1  >  the  f  16  ^n  1  tl  o  whole  is  protected  by  tho 
dome-shaped  covering  c  d.  The  tube  at  the  side  di'-charges  the 
air,  and  the  oil  which  e&eapes  with  it  is  conducted  into  a  reser- 
voir placed  below  the  basement  of  the  pump.  This  pump  is 
furaished  with  a  manometer  similar  in  principle  to  the  one  repre- 
sented in  Fig.  272,  by  which  tlie  degree  of  exhaustion  can  be 
ascertained.  It  is  represented  in  the  figure  on  the  left-hand  side 
of  the  pump. 

Besides  those  already  enumerated,  there  io  obviously  another 
limit  to  the  degree  of  exhaustion  which  can  be  obtained  with 
tliis  pump.  This  arrives  when  the  elasticity  of  the  air  left  in  the 
receiver  is  insufficient  to  raise  the  lower  valve  a,  Fig.  302.  In 
order  to  overcome  this  difficulty,  the  lower  valve  in  the  French 
forai  of  air-pump*  is  opened  and  shut  mechanically.     Eabinet 

*  For  n  description  of  the  French  form  of  idi>piunp,  see  any  of  the  French  works 
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has  still  farther  improved  the  French  air-pump,  by  so  connecting 
tliQ  two  barrels  that,  after  a  certain  degree  of  exhaustion  has 
been  attained,  the  second  is  made  to  exhaust  the  first.  Tliere 
can  be  no  doubt  that  a  higher  degree  of  exhaustion  can  be  ob- 
tahied  with  the  French  pump,  thus  arranged,  than  with  the  pump 
just  described  ;  but  this  gain  is  hardly  compensated  by  the  greater 
complexity  and  consequent  liability  to  derangement,  more  espe- 
cially since  a  sufficient  degree  of  exhaustion  for  all  practical 
purposes  can  be  obtained  without  these  complications. 

(178.)  Condensing-Pump.  —  This  instrument  is  just  the  re- 
verse of  the  air-pump,  and  it  is  used  for  increasing  the  density 
of  air  in  a  receiver,  while  the  air- 
pump  is  used  for  diminishing  it.  Any 
air-pump  may  be  converted  into  a 
condensing-pump  by  changing  the 
direction  of  all  the  valves.  For  ex- 
ample, wo  may  use  tlie  pump  repre- 
seutod  in  Fig.  300  as  a  condensing- 
pump.  Starting  with  the  piston  at 
the  bottom  of  the  cylinder,  we  give 
the  stopcock  the  position  represented 
in  the  section  at  the  side.  Then,  on 
raising  the  piston,  the  air  enters  at  v 
and  fills  the  cylinder.  "We  now  turn 
the  cock  into  the  second  position, 
when,  on  pushing  down  the  piston, 
tills  air  is  forced  into  the  receiv- 
er. "We  can  then  reverse  the  stop- 
cock and  repeat  the  process,  until 
the  required  degree  of  condensation 
is  obtained.  Instead,  however,  of 
placing  the  receiver  on  the  brass 
plate,  as  before,  we  screw  it  on  be- 
yond the  stopcock  p,  opening  this 
stopcock,  and  closing  the  stopcock  w. 

The  most  convenient  form  of  con-  ' 

densing-pump  for  the   laboratory  is 

represented  in  Fig.  305.  It  consists  of  a  cylinder,  and  a  piston, 
which  is  moved  by  the  handle  M.  'J'he  two  valves,  which  are 
both  at  the  bottom  of  the  cylinder,  are  represented  in  section  in 
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Fig.  306.     Thoy  arc  made  to  fit  exactly  Hie  cuiiical  openings  at 
the  bottom  of  the  cyliiidur,  ajid  aio  kej>l  in  jilace  by  very  delicate 


spiral  springs.  When  the  piston  rises,  the  I'alve  A  opens  and 
admits  the  air  through  the  tube  c  a  into  the  cylinder.  On  the 
other  hand,  when  the  piston  descends,  the  valve  A  closes,  while 
B  opens,  and  the  air  is  forced  out,  through  the  tube  b  d,  into  the 
receiver  placed  at  d.  It  is  evident,  that  if  two  receivers  are  con- 
nected with  the  pump,  one  at  c  and  tlio  other  at  d,  the  air  ivill 
bo  exhausted  from  one  and  condensed  in  the  other.  The  pump 
may,  therefore,  be  used  either  for  condensing  or  rarefying.  In 
using  the  pump,  it  is  fastened  firmly  to  a  table,  or  some  other 
solid  support,  and  the  handle  M  is  moved  up  and  down  alter- 
nately with  the  two  hands, 

;,  This  simple  machine  is  sufficient  for  almost  all  purposes.  If, 
liowever,  a  more  powerful  apparatus  is  required  for  condensing 
gases  into  large  reservoirs,  it  is  best  not  to  increase  the  size  of  the 
pump ;  but  to  combine  several  cylinders,  connecting  them  all  with 
the  same  receiver.  The  piston-rods  of  all  these  cylinders  can  be 
united  by  cranks  to  one  axis,  and  a  handle  connected  with  a 
fly-wheel  can  be  used  to  give  this  axis  a  regular  and  uniform 
motion. 

(179.)  Water-Pump.  —  Entirely  analogous  iu  its  principle  to 
the  air-pump  is  the  common  water-pump,  a  glass  model  of  which 
is  represented  in  Fig.  307.  It  consists  also  of  a  hollow  cylinderj 
in  whicli  moves  a  piston,  B.  It  has  two  valves,  both  opening  up- 
wards ;  one  at  the  bottom  of  the  cylinder,  covering  the  mouth  of 
the  tube  leading  to  the  water  of  the  well,  and  the  other  at  the 
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top  of  the  piston  c">\eiing  the  hole  with  which  it  is  pieiced  If 
the  piston  and  i  ihes  11  e  sufficiently  tight,  thi'^  pump  will  net  as 
an  air-pump,  and  on  mo^  m^  the  piston  by  the  handle  P  alter- 
nately up  and  down,  it  v<  lU  ex 
haiist  the  air  fiom  the  tube  A 
But  since  the  end  of  the  tuhe 
dips  under  water,  the  pies^uie 
of  the  air  will  foice  up  the  wati,r 
until  it  fills  both  tlie  tuhe  and 
the  cylinder  below  the  pit-ton 
Then,  on  lowering  the  piston, 
the  water  in  the  cylindei  will 
raise  the  valve  o  ind  piss  iljoye 
the  piston.  Afterwards,  on  lais 
ing  the  piston,  this  witei  will 
be  lifted  and  dischirged  into  the 
pipe  C,  wiiile  a  fiesh  qmntity  ot 
water  will  be  foieed  up  by  th( 
atmospheric  piessuie  through 
the  valve  S.  Thus,  at  each 
stroke  of  the  piston,  a  quantity 
of  water  is  lifted  equal  to  the 
capacity  of  the  cylinder  less  the 
volume  occupied  by  the  piston 
itself.  If  the  piston  and  valves 
are  not  sufficiently  tight  to  pump 

out  the  air,  they  can  be  made  so  by  pouring  a  little  water  into 
the  pump.  This  is  what  is  called  the  drawing'  ofuatpr,  and  the 
philosophy  of  this  well-known  process  is  evident. 

It  follows  from  thit>  description,  that  the  pump  will  not  work,  if 
the  bottom  of  the  piaton,  in  its  highest  position,  is  over  ten  metres 
above  the  level  of  the  watei  in  the  well ;  and  it  was  an  attempt 
of  some  Florentine  engmeeia  to  raise  water  in  the  suction-tube 
of  a  pump  above  thi^  height,  which  led  to  the  discovery  of  the 
pressure  of  the  atmospheie  On  account  of  the  imperfections  of 
tlie  valvos  and  piston,  a  pump  will  seldom  work  in  practice  higher 
than  eight  metres.  The  height  of  the  tube  C,  in  which  the  water 
is  lifted  by  the  piston,  may  be  very  considerable,  and  the  whole 
height  through  which  the  water  is  raised  by  the  pump  is  fre- 
quetitly  very  much  over  ten  metres ;  but  the  difficulty  of  working 
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a  pump,  ^iid  keeping  it  in  order,  increases  very  rapidly  with  tlie 
height  of  the  column  of  water  whicli  is  lifted. 


Unless  otherwise  slated,  t/ietempBrature  in  all  iJie/oUoiuiiig  problems  is  la  beiol^a  as  0°C., 
and  the  lielght  of  the  baroiaeter  at  76  c.  m. 

Weight  of  a  Body  in  Air. 

176.  A  mass  of  metal,  whose  Sp.  Gr.  =  11.35,  weighs  0.575  gramme 
in  a  vacuum.     How  many  mUligrammes  will  it  lose  when  weighed  in  air  ? 

177.  A  brass  weight  \Sp.  Or.  =  8.55)  weighs  in  a  vacuum  one  kilo- 
gramme.    How  many  milligrammes  does  it  lose  when  weighed  in  air? 

178.  A  body  loses  in  carbonic  acid  gas  1.15  gramme  of  its  weight. 
What  would  be  the  loss  of  its  weight  in  air  and  in  Jiydrogen  ? 

179.  A  body  loses  7  grammes  of  its  weight  in  air ;  how  much  of  its 
weight  would  it  lose  in  carbonic  acid  and  in  hydrogen  ? 

180.  "What  is  the  weight  of  hydrogen  contained  in  a  glass  globe  whose 
surface  is  equal  to  10  m."  ? 

181.  A  glass  globe  from  which  the  air  has  been  exhausted  weighs 
254735  gram.  When  full  of  air,  it  weighs  5,422.737  gram.  When 
full  of  another  gas,  651.175  gram.  Wliat  is  the  capacity  of  the  globe, 
and  what  is  the  specific  gravity  of  the  gas  ? 

182.  A  glass  globe  30  c  m.  in  diameter,  flDed  with  air,  and  hcrmeii- 
caUy  sealed,  is  balanced  in  the  atmosphere  by  brass  weights  amounting  to 
356.225  gram.  How  much  would  it  weigh  in  a  vacuum  ?  How  much 
would  the  globe  weigh  in  a  vacuum,  if  it  were  opened  so  that  the  air 
could  be  exhausted  from  the  interior?  Sp.  Gr.  of  brass  8.55,  and  of 
glass  3.33. 

183.  A  glass  globe  hermetically  sealed  weighs  in  the  air  25.236  gram. 
and  gains  in  a  vacuum  0.632  gram.     What  is  its  diameter  ? 

Buoi/anry  of  Ai? 

184.  "VVhit  la  the  iscen-iionil  fjitc  of  i  balloon  rne  metie  m  d  iraetoi, 
three  quaitero  filled  \\Uh  hydrogen,  nhrn  the  liJloon  it=elf  weighs  one 
kilogramme  ^ 

185.  Calculate  the  ascpnsional  foiee  of  a  sphencil  balloon  made  of 
prepared  sJk  and  filled  with  impure  hjdiogi-n,  knowing  that  the  bal- 
loon itself  weighs  63,620  gram ,  (hit  the  prepared  sdk  weighs  250  gnm 
the  square  metre,  and  that  a  cubii,  metie  of  impure  hydrogen  weighs  100 

186.  What  would  be  the  ascensional  force  of  a  spherical  balloon  seven 
metres  in  diameter,  two  thirds  filled  with  hydrogen,  when  llie  balloon  and 
attachments  weigh  twenty  kilogrammes  ? 
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187.  The  material  of  a  balloon  containing  1229  c.  m.^  weighs  1,5  gi-am. 
Tlie  hallooQ  is  filled  with  hydrogen,  whose  specifle  gravity  refen-ed  to 
water  is  0.00009003.  The  specific  gravity  of  tlie  surrounding  air  is 
0.0013.     "Will  the  balbon  rise  in  the  atmosphere  ? 

188.  The  material  of  a  spherical  balloon  and  its  aftaclmients  weighs 
400  kilogrammes.  This  balloon  is  15  m.  in  diameter,  and  is  three 
fourths  tilled  with  gas  whose  specifle  gravity  equals  0.0005.  The  specific 
gravity  of  the  surroundmg  air  is  0.0013.  What  is  the  ascensional  foi-ce 
of  the  balloon  ? 

Barometer. 

189.  When  the  surface  of  a  column  of  mei-cury  in  a  barometer  stands 
at  76  centimetres  above  the  mercury  in  the  basin,  ivith  what  weight  is  the 
atmosphere  pressing  on  every  square  centimetre  of  surface  ?  Sp.  Gr.  of 
mercury  =  13.596. 

190.  To  what  difference  of  pressure  does  a  difference  of  one  centi- 
metre in  tlie  bai-ometric  colunm  correspond? 

191.  When  the  water  barometer  stands  at  ten  metres,  what  is  the 
pressure  of  the  air  if  the  temperature  is  4°  ? 

192.  How  high  would  an  alcohol  barometer,  and  how  high  a  sulphuric- 
acid  barometer,  stand  under  the  same  circumstances,  disregai-ding  in  each 
case  the  tension  of  the  vapor  ?  Sp.  Gr.  of  alcohol  =  0.8095  ;  i^.  Or. 
of  sulphuric  acid  =  1,85. 

193.  "When  the  mercury  in  a  barometer  stands  75.2  c  m.,  with  what 
weight  is  the  atmosphere  pressing  on  every  square  centimetre  of  surface  ? 
How  high  would  barometers  stand  under  the  same  circumstances,  filled 
with  liquids  of  the  following  specific  gravities,  viz.  1,12,  1,45,  2.36,  3  ? 

194.  When  the  mercury  barometer  stands  at  76  c.  m.,  what  must 
be  the  length  of  a  water  barometer  inclined  to  the  horizon  at  an  angle 
of  30" ? 

195.  If  a  barometer,  having  its  lower  end  immersed  in  a  basin  of  mer- 
cury, be  suspended  from  the  beam  of  a  balance,  and  weighed,  is  Its  weight 
altered  by  weighing  it  again  when  inverted  and  containing  the  same 
quantity  of  mercury  as  ijetbre  ? 

Pressure  of  the  Atmosphere. 

196.  When  the  barometer  stands  at  76  c.  m.,  how  great  is  the  pres- 
sure of  the  air  upon  a  plane  surface  having  an  area  of  one  square 
metre? 

197.  The  body  of  a  man  of  ordinary  stature  exposes  a  surface  of  about 
one  square  metre.  How  great  a  pressure  does  the  body  sustain  when  the 
barometer  stands  at  72  c.  m.  ?  If  the  barometer  rises  to  78  c.  m.,  how 
great  is  the  increase  of  pressure  ? 

29 
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198.  When  the  barometer  stands  at  72  c.  m.,  how  gi-eat  is  the  pres- 
sure of  the  ail-  ou  a  sphere  whose  radius  is  equal  to  G675  c.  ni.  ? 

199.  When  the  barometer  stands  at  76  c.  m.,  what  is  the  pressiu-e  ex- 
erted in  the  vertical  direction  on  a  sphere  125  c.  m.  in  diameter  ? 

Mariotte's  Law. 

In  all  these  probkras  the  luip  is  to  be  regarded  as  invariable. 

200.  A  volume  of  hydrogen  gas  was  measured  and  found  to  he  equal 
to  250  c.  lu.^  The  height  of  the  barometer,  observed  at  the  same  time,  mas 
74.2  cm.  What  would  have  been  the  volume  if  observed  when  the  ba- 
rometer stood  at  76  c.  m,  ?  What  would  be  the  volume  at  an  elevation  at 
which  the  barometer  stands  at  56  cm.? 

201.  A  volume  of  nitrogen  gas  measured  75C  c.m.^  when  the  barometer 
stood  at  77.4  c.  m.  What  would  it  have  measured  if  the  barometer 
hadstoodat  76c.m.  ? 

202.  A  volume  of  air  standing  in  a  bell-glass  over  a  mercury  pneumatic 
trough  measured  568  c.  m.'  The  bai'omcter  at  the  time  stood  at  75.4 
centim.,  and  the  surface  of  the  mereury  in  the  beU  was  found,  by  meas- 
urement, to  be  6.5  c,  m.  above  the  surface  of  the  mercury  in  the  trough. 
What  would  have  been  the  volume  had  the  air  been  exposed  to  the  pres- 
sure of  76  c.  m.  ? 

203.  A  volume  of  air  standing  in  a  tail  bell-glass  over  a  mercury  pneu- 
matic trough  measured  78  cTm."  The  barometer  at  the  time  stood  at  74.6 
c.  m.,  and  the  mercury  in  the  bell  at  57.4  c,  m.  above  the  mercury  in 
the  trough.  What  would  have  been  the  volume  had  the  pressure  been 
76  c.  m.  ? 

204.  What  would  be  the  answers  to  the  last  two  problems,  had  the 
pneumatic  trough  been  filled  with  water  instead  of  mercuiy  ? 

205.  The  specific  gravity  of  wr  at  0°  and  76  c.  m.  referred  to  water 
is  0.0012936S,  What  is  the  spedfic  gravity  when  the  barometer  stands 
at  the  following  heights,  viz.  72.65  c.  m.,  74.23  c.  m.,  76.54  c.  m., 
77.82  c  m.  ? 

20S.  The  specific  gravity  of  carbonic  acid  gas  at  0°  and  76  c.  m,  re- 
ferred to  water  is  0.00196663.  Wliat  is  the  specific  gravity  when  the 
bai-ometer  stands  at  the  heights  given  m  the  last  problem? 

207.  A  glass  globe  10  c.  m.  in  diameter  hermetically  sealed  weighs 
45.120  gram,  when  the  barometer  stands  at  74.5  c.  m.  What  would  it 
weigh  if  the  barometer  stood  at  76  cm.? 

208,  A  glass  globe  hermetically  sealed,  30  c.  m.  in  diameter,  suspended 
to  one  pan  of  a  balance,  is  poised  by  325.422  grammes  in  brass  weights 
when  the  barometer  stands  at  76.21  c.  m.  After  several  hours  it  is  found 
lo  have  lost  in  weight  0.022  gram.  What  is  now  the  height  of  the  ba- 
rometer, supposing  the  temperature  not  to  have  changed  ? 
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300.  A  glass  globii  hermeticaJly  closed  was  found  to  weigh  354.567 
gram,  when  the  barometer  stood  at  73  c.  m.,  and  to  weigh  353.917 
gi-am.  when  the  barometer  stood  at  77  c.  in.  What  is  the  diameter  of 
the  globe? 

210.  A  glass  globe  25  c.  m.  in  diameter  contiwns  how  many  grammes 
of  hydrogen  at  the  following  pressures,  viz,  72.2  c.  m.,  74.6  c  m.,  76  c.  m., 
77.2  cm.? 

211.  Two  glass  globes  are  connected  by  a  tube  in  which  there  is  a 
stopcock.  In  the  first  globe  there  are  230  cTm.^  of  air  at  a  tension  of  2  c.  to. 
In  the  second,  340  erm.*  of  air  at  a  tension  of  10  c.  m.  After  opening 
the  stopcock,  what  will  be  the  tension  in  both  globes  ? 

212.  Into  an  exhausted  jar  having  a  capacity  of  60  litres  there  have 
been  poured  30  litres  of  nitrogen  at  the  pressure  of  72  c.  m.,  15  litres  of 
oxygen  at  the  pressure  of  64  c.  m.,  and  5  litres  of  carbonic  acid  gas  at 
the  pressure  of  78  c.  ra.     What  is  the  elastic  force  of  the  mixture  ? 

213.  A  glass  globe  contains  8.548  gram,  of  air.  It  is  afterwards  filled 
with  protoxide  of  nitrogen  whose  ^.  Gr.  =  1.52,  that  of  air  being  unity. 
What  is  the  weight  of  the  gas,  1st.  when  the  tension  of  the  two  gases  is 
Ihe  same,  2d.  when  the  tension  of  the  air  is  76  c.  m.  and  that  of  the  pro- 
toxide of  nitrogen  78  c.  m.  ? 

214.  A  glass  globe  weighs,  when  completely  empty,  152.475  gram. ;  fuU 
of  air,  it  weighs  168.386  gram.,  and  fuU  of  another  gas,  157.235  gram. 
What  is  the  density  of  the  gas,  supposing  the  pressure  the  same  at  both 
weighings  ?  Also,  what  correction  must  be  made  if  the  pressure  was 
77  c.  m.  during  the  weighing  of  the  air,  and  74  c  m.  during  the  weighing 
of  the  gas  ?  The  tension  of  the  sor  and  gas  in  the  balloon  is  supposed 
to  be  76  c.  m.,  and  the  temperature  is  supposed  invariable. 


The  fdaomng  pr<^hms  may  be  sdved  by  BaUnel's  formtila.     See  note  to  pane  304. 

215.  Find  the  difference  of  level  of  two  stations  from  the  following 
(lata :  — 

Height  of  barometer  at  lower  station  reduced  to  0°  C,     755  m.  m. 

Temperature  of  air         "  "  ^^    ^■ 

Height  of  barometer  at  upper  station  reduced  lo  0"  C,     """  "  ■" 


Temperature  of 


10°  C. 


21C.  Find  the  diff'erence  of  level  of  two  stations  from  the  following 

Height  of  barometer  at  lower  station  reduced  to  0°  C,     730  m.  m. 
Temperature  of  aiv         "  "  ^  20°  C. 

Height  of  barometer  at  upper  station  reduced  to  0°  C,     635  m.  m. 
Temperature  of  air         "  "  1^°  ^■ 

217.  Find  the  height  of  Mount  Washington  above  sea  level  from  the 
followmg  observations  of  Prof.  Arnold  Guyot,  Aug.  8,  1851,  4  P.  M. :  — 
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Height  of  barometer  at  Gorham  reduced  to  0°  C,  740.70  m.  m. 

Temperature  of  air  at  Gorliam,         .         .         .  22°,25 
Height  of  barometer  one  foot  below  the  eummit  of 

Mount  Washington  reduced  to  0°  C,      .         .  008.93  m.  m. 

Temperature  of  air  at  summit,     ....  10°. 30 

Barometer  at  Gorham  above  sea  level,      .         .  2.H  ra, 

Air-Pump, 

218.  The  capacity  of  the  cylinder  of  a  pump  is  one  third  of  the  ca- 
pacity of  the  i-eeeiver.  After  how  many  strokes  of  the  piston  ivili  the  ten- 
sion of  the  air  in  the  receiver  be  reduced  to  g-Jg-  of  its  primitive  amount  ? 

219.  The  capacity  of  the  cylinder  of  a  pump  is  one  tenth  of  that  of 
the  receiver.  IVbat  will  be  the  tension  of  the  air  in  the  receiver  after 
1,  2,  3,  4,  5,  10,  and  40  strokes  of  the  pistoa  ? 

220.  If  the  air  in  the  receiver  of  an  mr-pump  is  by  two  strokes  of  the 
piston  made  four  times  rarer  than  it  was  at  first,  what  is  the  ratio  of  the 
capacity  of  the  receiver  to  tliat  of  the  barrel  ? 

221.  If  in  an  air-pump  the  density  before  is  lo  the  density  after 
three  strokes  of  the  piston  as  35  is  to  8,  determine  the  mtio  of  the  ca- 
pacity of  the  receiver  to  that  of  the  barrel. 

222.  If,  in  an  aii^pump  similar  in  construction  to  the  common  water- 
pnmp,  an  interval  be  left  between  the  piston  and  the  lower  valve  at  the 
lowest  possible  position  of  the  piston,  determine  the  density  of  the  air 
in  the  receiver  after  n  strokes  and  after  an  infinite  number. 

223.  What  are  the  conditions  under  which  the  common  pump  will  not 
work,  when  the  piston  does  not  descend  to  the  fixed  valve  ? 

224.  If  a  body  when  placed  under  the  receiver  of  a  given  air-pump 
weighs  a  gram.,  and  after  n  strokes  weighs  b  gram.,  determine  tlie  weight 
of  the  body  in  a  vacuum ;  and,  supposing  the  specific  gravity  of  the  body 
known,  determine  the  specific  gravity  of  the  air  in  tlio  receiver  at  fu'st. 

Miscellaneotis. 
2'25.  A  bell  full  of  mercury  is  standing  over  a  mercury  pneumatie 
trough.  Its  interior  diameter  is  6  c.  m.  The  extreme  height  of  the  col- 
umn of  mercury  it  contains,  from  the  surface  of  mercury  in  the  trough,  is 
18  c.  m.  The  weight  of  the  bell  itself  is  one  kilt^ramme.  How  much 
force  in  grammes  is  required  to  sustain  the  bell  in  its  position,  supposing 
that  no  portion  of  the  bell  dips  under  the  mercury  ? 

226.  A  cylinder,  the  height  of  which  is  6  c.  m.  and  the  radius  of  the 
base  1  c.  m.,  is  filled  with  atmospheric  air.  To  what  depth  will  a  piston 
sink  in  the  cylinder  which  weighs  10  kilogrammes?  To  what  depth 
would  it  sink  if  it  weighed  1000  kilogrammes  ? 

227.  In  the  eylinder  described  in  the  last  example,  a  piston  is  forced 
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ilown  2  c.  m. ;  determine  tlie  pressure  of  the  confined  air.     Determine 
also  the  pressure  of  the  air  when  it  is  forced  down  5.64  c.  m. 

228.  Calculate  the  total  weight  of  the  atmosphere  in  kilogrammes,  sup- 
posing the  height  of  the  barometer  76  c.  m.,  and  the  radius  of  the  earfli 
considered  as  a  sphere  equal  to  6,366  kilometres.  Calculate  also  the 
volume  of  an  equivalent  mass  of  gold,  knowing  tliat  the  ^.  Gr.  of  gold 
=  19.363,  and  that  of  mercury  =:  13.593. 

229.  If  the  altitude  of  the  mercury  in  a  barometer  placed  in  a  cylin- 
drical diving-bell  he  observed  at  the  beginning  and  end  of  a  descent,  de- 
termine the  depth  descended. 

230.  Determine  the  tension  of  the  rope  by  which  a  eylindrieal  diving- 
bell  is  suspended  at  any  depth  below  the  surface. 

231.  If  a  cylindrical  tube  152  c.  m.  long  be  half  filled  with  mercury, 
and  then  inverted,  detennme  how  high  the  mercury  will  stand  when  the 
barometer  stands  at  76  c.  m. 

232.  Having  given  the  quantity  of  air  left  in  a  barometer  tube  be- 
fore immersion,  find  the  height  at  which  the  mereuiy  is  supported  after 
immei-sion. 

233.  If  in  an  imperfectly  filled  barometer  tube,  of  which  the  length  is 
80  c  m.,  the  mercury  stands  at  74  c  m.,  when  in  a  well-filled  tube  it 
stands  at  76  c.  m.,  determine  at  what  height  it  will  stand  in  the  imperfect 
one  when  it  stands  at  70  in  the  perfect  one. 

2S4.  Two  barometers  of  the  same  given  length,  I,  being  imperfectly 
filled  with  mercury,  are  observed  to  stand  at  the  heights  if  and  H  on 
one  day,  and  h  and  li  on  another.  Determine  the  quantity  of  jur  lefi.  in 
each,  supposing  the  temperature  invariable. 

235.  A  cylinder  of  known  density  and  magnitude  floats  with  its  axis 
verlica]  in  a  vessel  of  water.  What  will  bo  the  effect  of  removing  the 
atmospheric  pressure  ? 

236.  Investigate  a  formuli  by  which  Nicholson's  hydrometer  may 
serve  as  a  barometer 

237.  A  cylindei  of  known  density  and  ma^fnitude  floats  with  its  axis 
vertical  in  a  vessel  of  water  plated  under  the  leceiver  of  a  condenser; 
determine  after  how  many  '*trokes  of  the  pioton  it  will  be  elevated  by  a 
given  amount. 

238.  If  a  balloon  of  given  weight  and  capacity  be  so  constructed,  that 
as  it  rises  the  hydrogen  escapes  till  the  elasticities  of  the  gas  and  the  ex- 
ternal air  are  equal,  compare  the  greatest  height  it  can  attain  with  that 
which  it  could  have  attuned  if  the  air  had  not  been  suffered  to  escape. 

239.  How  high  will  the  balloon  of  example  238  ascend  ?  When  it 
floats  in  the  air,  determine  to  what  additional  height  it  will  rise  if  50  kilo- 
grammes of  ballast  be  thrown  out. 
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MOLECULAR  FORCES  BETWEEN  HETEROGENEOUS  MOLECULES. 

(180.)  Adhesion.  —  Having  studied  tlie  plienomena  caused 
by  tlie  action  of  molecular  forces  between  homogeneous  mole- 
cules, as  manifested  in  the  characteristic  properties  of  solids, 
liquids,  and  gases,  wo  come  next  to  consider  tliose  phenomena 
■which  are  caused  by  tlie  action  of  molecular  forces  between  hete- 
rogeneous molecules.  As  we  liavo  already  seen,  tlie  molecular 
forces  are  either  attractive  or  repulsive  (78).  To  the  attractive 
force,  when  exerted  between  homogeneous  molecules,  like  those 
of  the  same  body,  whether  it  be  solid,  liquid,  or  gaseous,  we  give 
the  name  of  cohesion  (79).  But  when  tlie  attractive  force  is 
exerted  between  heterogeneous  molecules,  like  tliose  of  different 
bodies,  and  still  does  not  produce  any  chemical  change,  we  call 
it  adhesion.  It  m\ist  not,  however,  be  supposed  that  these 
attractive  forces  are  essentially  different  m  the  two  cases.  Tlie 
distinction  between  cohesion  and  adhesion  is  only  made  for  the 
sake  of  classification,  and  it  is  at  least  possible  tliat  they  ai'e 
merely  different  manifestations  of  the  one  force  of  universal 
gravitation  already  considered. 

The  phenomena  of  adhesion  are  quite  numerous,  and  they  can 
be  most  conveniently  classified  according  to  the  mechanical  con- 
dition of  the  masses  of  matter  between  which  the  force  acts. 
We  will,  therefore,  consider  in  order  the  phenomena  caused  by 
the  action  of, — 

First,  solids  on  solids  (cemerUs'). 

Secondly,  solids  on  liquids  (capillarity,  solution'). 

Thirdly,  soMs  on  gases  (absoiption  of  gases,  osmose'). 

Fourthly,  liqmds  on  liquids  (Jiqmd  diffusion). 

Fifthly,  liquids  on  gases  (solution  of  gases). 

SixtJdy,  gases  on  gases  (gaseous  diffusion). 

Soluh  on  fk>luls. 
(181.)  Adhesion  between  Solids  —  Many  of  tlio  most  famil- 
iar phenomena  of  daily  life  are  owing  to  tlie  attractive  forces 
which  exist  between  heterogeneous  particles  of  solids.  Thus 
the  particles  of  dust  floating  in  a  room  adhere  to  the  ceiling  in 
opposition  to  the  force  of  gravity.  In  like  manner,  the  particles 
of  chalk  adhere  to  the  vertical  surface  of  a  blackboard,  and  the 
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particles  of  plumbago  abraded  from  a  lead  pencil  adhere  to  a 
sheet  of  writing-paper.  So  also  the  adhesion  of  paint  to  wood 
or  canvas,  that  of  tlie  tin  amalgam  to  tlie  backs  of  glass  min-ors, 
and  that  of  gold-leaf  to  picture-frames,  belong  to  the  same  class 
of  phenomena.  The  numerous  important  applications  of  india- 
nibber  in  the  chemical  laboratory  furnish  still  further  illustra- 
tions of  adhesive  force. 

Indian-rubber  adheres  very  strongly  to  glass,  and  this  property 
renders  it  invaluable  for  malting  stoppers  to  glass  bottles  and  air- 
tight joints  between  glass  tubes.  The  common  method  of  xmit- 
ing  together  glass  tubes  ui  adjusting  chemical  apparatus  consists 
iu  stretching  over  the  ends  of  tlie  tubes  a  short  tube  of  india- 
rubber  called  a  'connector,  e  f,  (Fig. 
308,)  so  tliat  tlie  ends  of  the  two  glass  '^_^     y 

tubes  shall  meetwithin  it.     On  binding      " 

tlie  indiarrubber  to  the  glass  by  means  of     i  *  r  ^ 

a  silk  cord  or  line  copper  wire,  the  adhe-  ^^'  ^^ 

sion  is  sufficient  to  resist  the  action  of  most  gases,  unless  the  pres- 
sure is  considerably  greater  than  that  of  tho  atmosphoro.  Those 
connectors  can  easily  be  made  of  tlie  required  dimensions  from 
sheet  indiar-rubber.  We  apply  a  strip  of  indiar-rubber  previously 
softened  by  heat,  to  tlie 
glass  tube,  as  represented  in 
Fig.  309,  and  then  cut  the 
two   edges   with  a   pair   of  1^^ 

scissors,  which  should  have  i^ 

broad,   flat  blades,   and  be  t^^l 

perfectly  clean.      The   exit  5ig.3on. 

edges  immediately  unite,aijd 

tho  union  can  be  made  more  solid  by  pressing  them  together 
between  the  thumb-nails.  The  indiarrubber  connector  will  ad- 
here at  first  firmly  to  the  glass  tube,  hut  it  can  be  easily  removed 
after  dipping  the  tube  into  water.  The  water  is  drawn  up 
between  the  glass  and  the  indiarrubber  by  capillaiy  attraction, 
and  the  adhesion  is  destroyed. 

(182.)  Cements.  —  The  use  of  cements  not  only  illustrates 
the  existence  of  an  attractive  force  between  the  molecules  of 
heterogeneous  solids,  but  also  the  additional  fact,  tliat  the 
strength  of  this  force  varies  with  the  nature  of  the  solids.  In 
order  to  luiitc  two  pieces  of  wood,  we  first  fit  together  carefully 
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tlie  siirfacos  to  be  joined,  and  then  interpose  between  these  sur- 
faces, perfectly  cleaned,  a  thiu  layer  of  melted  ghie.  When  the 
glue  hardens,  it  firmly  cements  together  the  two  pieces  of  wood, 
—  first,  by  the  adhesion  between  the  glue  and  the  wood,  and, 
secondly,  by  the  cohesion  between  the  particles  of  the  glue  itself. 
This  same  glue,  however,  would  fail  to  cement  together  pieces  of 
glass  or  of  stone,  because  the  adhesion  of  glue  to  these  solids  is 
much  feebler  than  its  adhesion  to  wood ;  but  fri^ments  of  glass 
and  porcelain  may  be  united  by  some  resinous  material,  such  as 
shellac,  and  those  of  etone  and  brick  by  mortar  or  some  cal- 
careous cement." 

It  is  evident  that  in  all  these  eases  the  phenomena  of  adhesion 
are  mixed  with  those  of  cohesion.  The  adhesion  only  takes 
place  at  the  surfaces,  where  the  heterogeneous  particles  are 
brought  in  contact,  while  the  particles  of  the  solids,  and  those 
of  the  cement,  are  alike  held  together  by  the  force  of  cohe- 
sion. The  thinner  the  layer  of  cement,  the  more  perfectly  does 
it  fulfil  its  oihce,  since,  when  a  thick  mass  is  used,  the  iinequal 
expansion  of  the  different  solids  in  contact,  caused  by  changes  in 
temperature,  tends  to  destroy  the  cohesion  of  the  particles  of  the 
cement.  It  not  unfrequently  happens  that  the  adhesion  between 
the  particles  of  a  cement  and  the  bodies  which  it  unites,  is 
greater  than  the  cohesion  which  holds  together  the  particles  of 
the  body  itself.  On  attempting  to  separate  two  pieces  of  wood 
along  a  glued  seam,  we  often  see  a  film  of  wood  splii  off  adhering 
to  the  surface  of  the  glue ;  and  tlie  feat  of  splitting  a  bank-note 
is  accomplished  by  cemcntmg  it  firmly  between  two  flat  surfaces, 
and  then  forcibly  separating  them,  when,  the  cohesion  of  the 
paper  being  feebler  thau  the  adhesion  of  the  cement,  the  paper  is 
split  tlirough  the  middle, f 

Solids  and  Liquids. 
(183.)    Adhesion  of  Liquids  to  Solids.  —  That  the  surfaces  of 
solids  are  generally  wetted  when  dipped  into  a  liquid  is  a  fact 
universally  known,  and  it  is  self-evident  that  the  liquid  mole- 
cules are  held  to  the  solid  surface  by  a  mutual  attraction  b 


*  For  a,  descripUon  of  the  various  cements  used  in  the  laboratory,  the  student  it 
referred  to  the  works  on  chemical  manipulations  by  Faraday,  Morflt,  and  others, 
t  Miller,  Elements  of  Chemistry,  page  59. 
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the  liquid  aiitl  solid  particles.  The  strength  of  this  attraction, 
which  is  much  greater  than  is  generally  supposed,  can  be  made 
evident  by  a  simple  experiment.  If  a  disk  of  glass  is  suspended 
to  the  pan  of  a  hydrostatic  balance,  and,  ha™ig  been  exactly 
counterpoised  by  weights  in  the  opposite  pan,  is  applied  to  the 
surface  of  a  liquid  capable  of  -wetting  it,  it  will  be  found  neces- 
sary to  add  a  very  considerable  weight  to  the  counterpoise  in 
order  to  separate  the  disk.  Moreover,  when  the  separation  takes 
place,  the  disk  will  he  found  wet,  showing  that  the  separation 
has  been  between  the  particles  of  liquid,  ajid  not  between  the 
solid  and  liquid  surfaces,  and  indicating  that  the  adhesion  was 
greater, than  the  cohesion  of  the  liquid. 

In  experiments  made  hy  Gay-Lnssac,  at  a  temperature  of  8°, 
with  a  circular  plate  118.366  ni.  m.  in  diameter,  59.4  gram,  were 
required  to  separate  it  from  water,  31,08  to  separate  it  from  alco- 
hol (Sp.  Gr.  =  0.8196),  and  34.1  to  separate  it  from  oil  of  tur- 
pentine. It  was  also  found  that  the  substance  and  tliickness  of 
the  plate  had  no  influence  on  the  resxilt,  proving,  as  before,  that 
the  force  overcome  by  the  weight  was  tlie  cohesion  between  the 
particles  of  the  liquid,  and  further  showing  tliat  the  distance 
through  which  the  force  acted  wa^  less  than  the  thickness  of  the 
liquid  flhn  which  remained  adhering  to  the  plate.  These  num- 
bers cannot,  however,  be  regarded  as  a  direct  measure  of  the  rel- 
ative cohesion  of  the  three  liquids,  as  could  easily  be  shown  by  a 
further  examination  of  the  conditions  of  the  experiment. 

Adhesion  also  exists  between  liquids  and  such  solid  surfaces  as 
they  have  not  the  power  of  wetting,  Gay-Lussac  found  that  a 
disk  of  glass  adhered  to  the  surface  of  mercury  with  a  very  con- 
siderable force.  In  an  experiment  made  as  just  described,  with 
a  disk  of  glass  118  m.  m.  in  diameter,  resting  on  tlie  surfaoe  of 
a  basin  of  mercury,  it  required  in  one  case  296  gram,,  and  in 
another  158  gram.,  to,  effect  a  separation,  the  amount  of  weight 
required  depending  on  the  manner  in  wliich  the  surfaces  were 
applied  to  each  otlier.  In  tliese  experiments,  when  tlie  surfaces 
were  parted,  the  separation  took  place  between  the  mercury  and 
tlie  glass,  indicating  that  the  weight  overcame  the  adhesion  of  the 
heterogeneous  pai'ticles,  and  not  the  cohesion  of  the  liquid,  as  in 
the  other  experiments.  Moreover,  the  force  required  to  effect 
the  separation  was  no  longer  independent  of  the  material  of  the 
disk. 
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(184.)  Capillary  Attraction. —  y^hen  a  solid  body  is  par- 
tially immersed  in  a  liquid,  the  force  of  adhesion  produces  im- 
portant modifications  in  the  laws  of  liquid  equilibrium  as  already 
enunciated.  Thus,  for  example,  if  we  dip  tlie  end  of  a  fine 
glass  tube,  2  or  3  millimetres  in  diameter,  into  water,  the  liquid 
will  not  maintain  the  same  level  within  and  without  the  tube  as 
required  by  the  principle  of  (130),  but  will  be  elevated  in  the 
interior  of  the  tube,  and  maintained  at  a  height  which  is  very 
considerably  abore  the  exterior  level,  and  which  is  the  greater  the 
smaller  the  diameter  of  the  tube.  Moreover,  the  sur&ce  of  the 
watci  doi  b  not  remain  horizontal  near  the  walls  of  the  tube,  as 
required  by  (129),  but  on  the  outside  it  curves 
towards  the  tube,  as  represented  in  I'ig.  310,  and 
in  the  interior  it  assumes  a  concave  form,  which, 
for  tubes  less  than  2  millimetres  in  diameter,  is 
'  —  f—  sensibly  hemispherical.  If  now  we  dip  tlie  end 
of  the  same  tube  into  liquid  mercury,  we  shall 
obtain  a  result  equally  opposed  to  the  laws  of 
1      '  liquid  equilibrium,   but    of    a   reversed    order. 

The  column  of  mercury  in  tlie  interior  of  the 
tube  will  be  depressed  below  the  outside  level,  and  its  surface 
will  assume  a  convex  shape,  which  for  a  small  tiibe  is  as  before 
sensibly  hemispherical,  while  on  the  outside  the  surface  of  tlie 
liquid  will  curve  from  the  tube,  as  if  repelled  by 
it  (Fig.  311).     l^y  repeating  these  experiments 
with  different  liquids,  and  with  tubes  of  various 
kinds,  we  shall  obtain  results  like  tlie  first  when- 
■  the  liquid  hi^  the  power  of  wetting  the 
walls  of  the  tube,  and  results  like  the  second 
when  the  reverse  is  the  case ;  while  in  some  few 
Kb  ai.  cases  (as,  for  example,  when  the  tube  is  polished 

steel,  and  the  liquid  is  alcohol)  the  level  will  not 
lie  cliangcd,  and  the  surface  of  tlie  liquid  will  remain  horizontal 
botli  within  and  witliout  the  tube.  These  phenomena  are  termed 
in  general  capillarity,  and  the  curved  surfaces  which  tlie  liquids 
assume  in  the  proximity  of  solid  bodies  arc  called,  respectively, 
concave  and  convex  meniscuses.  In  studying  this  subject,  we 
will  first  consider  what  changes  the  molecular  forces  must  be  ex- 
pected to  produce  a  priori  in  the  laws  of  liquid  equilibrium,  and 
afterwards  wc  will  examine  the  phenomena  and  sco  how  closely 
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tlie  facts  coincide  with  oiii-  theoretical  deduction.     IjCt  ua  com- 
mence with  tlie  simplest  case  possible,  and  consider  how  the  sur- 
face of  a  liquid  must  he  disturbed  by  the 
contact  of  a  solid  bar. 

Take,  for  example,  a  liquid  particle,  71 
(Fig,  312),  in  contact  witli  a  solid  bai 
dipping  under  the  suriace  of  any  liquid 
This  particle  is  evidently  acted  upon  b\ 
the  force  of  gravity,  g,  and  by  three  othei 
forces.  The  first  of  tliese,  /,  is  the  result 
ant  of  the  attractive  forces  exerted  by  the 
liquid  particles  inchided  in  the  quartei  ' "  " 

sphere  mab.    Tlie  other  two,/'  and/",  aie  tl  It  1  to    f  tl  e 

attractive  forces  exerted  by  the  solid  paitides  inchidcd  m  the 
two  quarter-spheres  moc  and  m o b,  the  radius  of  the  sphere  in 
each  case  being  the  insensible  distance  through  which  the  mole- 
cular forces  can  act.  We  can  now  decompose  each  of  tliese  three 
forces  into  a  vertical  and  a  horizontal  component.  Considering 
the  components  wliich  act  in  the  directions  vi  a  or  in  h  positive, 
wo  shall  have  for  the  horizontal  components  (35), 

/  cos  45%  — /'  cos  45%  — /"  cos  45" ; 

and  remembering  tliat  /"  :=  /',  we  shaU  also  have  for  the  single 
resultaait  of  the  tlu'ee  horizontal  components  (/  —  2  /')  cos  45° . 
In  like  manner,  for  the  vertical  components,  including  gravity, 
we  shall  liave, — 

g,        f  cos  45%         — /'  cos  45%         /"  cos  45% 
and  for  the  single  vertical  resultant,  g-  +/  cos  45".     Let  us  next 
inquire  what  will  be  the  direction  of  the  final  resultant  of  the 
horizontal  and  vertical  forces,  whose  values  are 

(1.)    (/_2/')cos45°;        (2.)  g-  +  /cos45.        [121.] 

It  is  evident  that  the  vertical  force  must  always  he  positive,  and 
hence  directed  downwai-ds ;  but  the  direction  of  the  horizontal 
force  will  depend  on  tlie  relative  values  of/ and/',  that  is,  on  the 
relative  strength  of  the  cohesive  and  adhesive  attractions.  There 
may  be  three  cases,  according  as  /  is  less  tlian,  is  greater  than, 
or  is  equal  to  2  /'.     We  will  consider  each  case  separately. 

1st.  When  /  <  2  /'.  If  the  cohesive  force  is  less  than  twice 
the  adhesive  foi-ce,  then  the  horizontal  force  [121.  1]  is  negative, 
and  the  resultant  of  this  force  with  the  vertical  force  [121.  2]  will 
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fall  within  the  aiiglc  bmo,  and  take,  for  example,  the  direction 
MR  (Fig.  313).  Now,  siuce  the  surface  of  a  liquid  must  at 
every  point  be  normal  to  the  resultant  of  all 
the  forces  acting  at  that  point  (129),  it  fol- 
lows that  the  liquid  surface  ■will  be  drawu 
up  towards  the  solid  bar,  so  as  to  be  per- 
pendicular to  the  hne  MR,  and  tangent  to 
tiie  line  M  N,  making  with  the  bar  an  angle 
DMN,  which  is  constant  for  the  same  sub- 
stances, and  is  called  the  angle  of  contact. 
If  next  we  consider  the  liquid  particles  M'  M",  &c.  adjacent 
to  M  on  the  surface  of  the  liquid,  it  is  evident  that  on  account 
of  their  greater  distance  they  will  be  acted  upon  less  strongly 
by  the  solid  bar,  and  hence  the  resultants  M'  R',  M"R",  &c. 
will  approach  more  and  more  nearly  the  vertical,  with  which 
tliey  will  soon  coincide.  Thus  it  appears  that  the  liquid  surface, 
which  must  be  at  each  point  perpendicular  to  these  resultants, 
will  be  cui-ved  up  towards  the  bar,  but  will  become  horizontal  at 
a  certain  small  distance  from  it.  It  is  easy  to  see  that,  if  a  sec- 
ond bar  is  dipped  into  the  liquid  parallel  to  the  lirst,  the  surface 
of  the  liquid  between  the  bars  will  take  the  form  of  a  concave 
cylindrical  surface,  in  case  the  bars  ai-e  suificiently  near  together, 
and  that  in  a  tube  it  would  take  tlie  form  of  a  concave  meniscus, 
formed  by  the  revolution  of  the  curve  MM'  M"  round  tlie  axis 
of  the  tube, 

2d.    ■When/>2/'.     If  the   cohesive   force  is  greater  than 
twice  the  adhesive  force,  then  the  horizontal  force  [121.  1]  is 
positive,  and  consequently  directed  towards  the  liquid.     Hence 
the  resultant  of  this  force  and  tlie  ver- 
tical force  [121.  2]  will  fall  withm  the 
angle  amb  (Pig.  312),  taking,  for  ex- 
ample, the  direction  MR  (Pig.  314), 
and  the  surface  of  the  liquid  will  be  per- 
pendieiilar  to  this  resultant,  making  with 
the  solid  bar  an  angle  D  MN  less  than 
m  au.  9o<._    Moreover,  for  the  pai-ticles  M',  M", 

ifec.  adjacent  to  M  on  the  surface  of  the  liquid,  it  can  he  proved 
tliat  the  resultants  of  the  molecular  forces  and  gravity  will  ap- 
proach the  vertical  nearer  and  nearer  the  farther  we  recede  from 
the  bar,  and  will  soon  coincide  witli  it.    Hence  it  follows  that 
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the  liqiiid  surface  will,  in  tliis  case,  be  convex,  taking  the  foi'm 
of  a  convex  cylinder  between  two  pai'allel  bars,  and  of  a  convex 
meniscus  in  a  fine  tube. 

3d.  When  /  =  2  /'.  "When  the  cohesive  force  exactly  equals 
twice  the  adhesive  force,  thou  the  liorizontal  force  [121.  IJ  becomes 
zero,  and  the  resultant  of  all  the  molecular  forces  and  gravity, 
acting  on  the  particle  m,  eoincides  with  the  vertical.  In  this 
case  alone  the  surface  of  tlio  liquid  is  liorizontal,  even  to  the  line 
of  contact  with  the  solid  bar,  and  consequently,  likewise,  hori- 
zontal between  two  bars,  or  in  tlie  interior  of  a  tube. 

(185.)  Fonti  of  the  Meniscus.  —  It  is  evident  from  the  last 
section,  that  the  exact  form  of  the  raenise\is,  and  the  angle  of 
contact,  depend  upon  the  relative  values  of/and  2/'  [121],  and 
hence  upon  the  nature  of  the  solids  and  liquids  used.  The  con- 
ditions are  changed,  liowci'er,  when,  as  is  usual  in  such  experi- 
ments, the  solid  bar  or  tube  has  been  previously  rinsed  with  the 
liquid.  In  such  eases  tlie  actioii  takes  place  between  the  })arti- 
cles  of  the  tliiu  film  of  liquid  covering  the  solid,  and  those  of  the 
same  liquid  into  which  it  is  dipped,  the  solid  itself  serving  only 
to  sustain  the  liquid  film,  and  it  is  then  found  that  the  result  is 
entirely  independent  of  the  nature  of  the  solid.  Moreover,  when 
the  solid  has  not  been  preriously  moistened,  the  phenomena  are 
rendered  very  irregular  by  the  film  of  air  which  covers  the  sur- 
face of  tlie  bar  or  tube,  and  which  it  is  almost  impossible  to 
remove  without  moistening  the  whole  siirface.  So  also,  when  the 
liquid  has  not  the  power  of  wetting  the  solid  surface,  as  in  the 
case  of  mercury  and  glass,  there  may  be  a  film  of  air  between 
the  two  of  sufficient  thickness  to  keep  the  liquid  particles  beyond 
the  sphere  of  action  of  the  adhesive  force.  In  such  cases  the 
form  of  the  liquid  surface  will  bo  determined  by  the  action  of 
the  cohesive  force  alone,  and  this  action  will  be  ontii-ely  similar 
to  that  which  gives  to  the  rain-drop  its  spherical  form  (129). 

Since  it  has  been  obsen'ed  that  the  surface  of  a  liquid  in  a 
tube  is  concave  when  it  wets  the  walls  of  the  tuha,  and  c6nvex 
when  it  lias  not  the  power  of  thus  wetting  them,  it  follows  from 
the  last  section  tlmt  a  liquid  will  wet  a  solid  surface  when  the 
force  of  cohesion  between  its  particles  is  less  than  twice  the  force 
of  adhesion  of  these  particles  to  the  solid. 

(186.)  Pressure  exerted  by  the  Molecular  Forces.  —  Having 
seen  how  the  molecular  forces  may  modify  the  form  of  a  liquid 
30 


d  by  Google 


oW  CHEMICAL   PHYSICS. 

surface,  and  produce  either  a  concave  or  a  convex  meniscus,  let 
us  further  inquire  liovr  the  form  of  the  surface  may  modify  the 
law  of  liquid  pressure  already  enunciated  ^126).  In  discussing 
the  subject  of  liqnid  pressure,  caused  hy  the  force  of  gravity 
(123  seq.),  -we  left  out  of  view  any  action  -which  might  be 
exerted  by  the  molecular  forces  emanating  from  the  liquid 
particles  themselves.  This  leads  us  into  no  error,  so  long  as  tlio 
surface  of  tlio  liquid  is  horizontal ;  but  when,  as  in  capillary 
tubes,  this  surface  is  curved,  the  action  of  the  molecular  forces 
can  no  longer  be  disregarded.  In  order  to  investigate  the  man- 
ner in  which  t!ie  molecular  forces  may  influence  the  pressuro 
exerted  by  a  liquid  mass, 
terminated  by  a  given 
surface,  ZY(Fig.  3ir>), 
let  us  study  the  action 
which  they  would  exert 
on  any  particle  taken  on 
or  near  this  surface.  If 
this  molecule  is  on  the 
surface,  as  M,  it  will  evidently  be  attracted  by  all  the  particles 
of  liquid  comprised  withiii  the  hemisphere  described  round  the 
point  M,  with  a  radius  equal  to  the  distance  of  sensible  altrac- 
lion,  and  it  is  easy  to  see  that  the  resultant  of  all  these  attractive 
forces  will  be  in  the  direction  MP,  normal  to  the  surface.  If 
the  molecule  is  wiUdn  the  surface,  as  at  M',  then  the  active  por- 
tion of  the  liquid  will  be  the  mass  enclosed  by  the  sphere  of  sen- 
sible attraction,  ABC.  This  may  be  divided  into  three  pai-ts 
by  an  equatorial  plane,  P  Q,  and  by  a  surface,  A'  B',  symmetrical 
witli  A  B,  and  equidistant  from  the  equator.  The  attraction  ex- 
erted by  the  portion  A  B  P  Q  is  evidently  balanced  by  the  equal 
and  opposite  attraction  exerted  by  A'  B'  P  Q,  so  that  the  result  is 
the  same  as  if  tho  molecule  were  only  attracted  by  the  portion 
A'  B'  C.  The  resultant  of  all  the  attractive  forces  exerted  by 
the  particles  contained  in  this  portion  of  the  sphere  is  evidently 
much  less  tliau  before,  but  still  it  is  noi-mal  to  the  surface.  Fi- 
nally, if  we  take  a  molecule,  M",  at  a  distance  from  the  surface 
equal  to  the  radius  of  sensible  attraction,  it  is  evident  tliat  the 
attractive  forces  acting  upon  it  will  balance  each  other.  If  then 
we  draw  a  surface,  J!Y',  parallel  to  XY,  and  at  a  distance  from 
it  equal  to  t!ic  radius  of  sensible  attraction,  we  shall  have  cora- 
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prised  between  theso  two  surfaces  a  liquid  film  wiioso  particles 
are  under  tlie  iiitiuence  of  forces  acting  perpendicularly  to  the 
surfaces,  and  exerting  an  effect  similar  to  that  of  gravity.  There 
must  then  result  from  the  action  of  these  molecular  forces  a 
pressure,  which  will  be  transmitted  in  all  directions,  according  to 
the  principle  of  (120),  and  whose  eifect  must  be  added  to  those 
of  gravity  and  atmospheric  pressure. 

(187.)  Amount  and  Effect  of  the  Molecular  Pressure. — 
Let  us  now  inquire  wheflicr  the  form  of  the  surface  exerts  any 
influence  on  the  amount  of  the  molecular  pressure.  Tor  this 
purpose  let  us  take  a  molecule,  M'  (Fig.  816),  at  a  distance 
below  the  surface,  M'  II,  less  than  M'  C, 
the  radius  of  sensible  attraction,  and  con- 
sider what  will  be  tlio  relative  amount 
of  molecular  pressure  exerted  by  this 
molecule,  —  1st,  ivhen  the  surface  is 
plane;  2dly,  when  it  is  concave;  and 
3dly,  when  it  is  convex. 

If  the   surface  is  plane,   as  A  B,   the 
attraction   exerted   by   the   liquid    mass    . 
ABPq  is  balanced  by  that  of  A'B'PQ,    ' 
and  the  only  force  which  produces  pres- 
sure is  the  attraction  exerted  by  A'B'C.     Let  us  represent  tlie 
value  of  this  force  by  A. 

If  now  the  surface  is  concave,  as  Z>  E,  it  is  evident  that  the 
only  portion  of  the  liquid  within  the  sphere  of  sensible  attraction, 
whose  attractive  force  is  not  neutralized,  is  the  portion  D'  E'C, 
cut  off  by  a  surface  i>i3',  drawn  symmotrically  to  DE.  Since 
this  liquid  mass  is  less  than  A'  B'  C,  the  attractive  force  which 
it  exerts  must  be  less  by  an  amount  wo  will  call  B,  and  it  is  evi- 
dent that  the  value  of  B  will  increase  as  tho  radius  of  curvature 
of  tho  surface  diminishes.  The  value  of  the  force  which  is  ex- 
erted in  molecular  pressure  may  tlieu  be  represented  by  A  —  B, 
when  tho  surface  is  concave. 

If,  lastly,  the  surface  is  convex,  as  KL,  and  we  di-aw  K'  L' 
symmetrical  witli  this,  it  is  equally  evident  that  tho  active  por- 
tion of  the  liquid  is  now  K'  L'  C;  and  since  tins  mass  is  greater 
tlian  A'  B'  C,  tho  value  of  the  molecular  pressure  may  be  repre- 
sented by  A-\-  B',  when  the  surface  is  convex. 

ginee  what  has  been  sliowu  to  be  true  of  the  pressure  exerted 


d  by  Google 


352  CHEMICAL   PHYSICS. 

by  tlio  molociilo  31'  is  true  of  all  the  molecules  coutainod  in  the 
thin  film  bounded  by  tlie  surfaces  X  Y,  and  X'  Y'  (Pig.,  315),  it 
follows  that,  when  the  surface  of  a  column  of  liquid  is  concave, 
it  exerts  a  less  pressure,  and  conversely,  when  tho  surface  is 
convex,  it  exerts  a  greater  pressure  than  when  it  is  plane,  as- 
suming always  that  tho  radius  of  curvature  of  the  surface  is 
comparable  with  tlio  radius  of  sensible  attraction. 

(188.)     Effects  of  Molecular  Pressv/re.  —  It  is  now  easy  to 
see  ill  wliat  way  the  molecular  pressure  may  modify  the  prin- 
ciple of  (130),  when  one  of  the  vessels  is  very  small.     Lot  us 
suppose,  then,  that  we  have  a  fine  tube   of 
glass,  dipping  into  a  liquid  (Fig.  31T).     By 
the   principles   of  hydrostatics,   tlie  level  of 
tho  liquid  should   be  tho   same  within  and 
witliout  the  tube,  because  it  is  a  necessary 
condition  of  equilibrium  that  tlio  pressure  on 
any  given   section,  as  MN,  sSiould  be   tho 
same,  whether  exerted  by  the  column  of  liquid 
in  the  tube,  or  by  the  liquid  mass  outside,  and 
this  can  only  be  when 
S.II.  CSp.Gr.)  =  S.  II'.  (Sp.Cr.)  [122.] 

or  when  H  =  11'  (compare  130).  This  equation,  however,  only 
has  regard  to  tho  pressure  exerted  by  liquids  in  consequence  of 
their  weight,  althougli,  as  we  have  just  said,  the  molecular  forces 
exert  a  pressure  themselves  whose  effect  must  be  added  to  that 
of  gravity.  As  the  surface  of  the  liquid  outside  the  tube  is  iiori- 
zoutal,  the  molecular  pressure  transmitted  by  it  to  the  section 
M  N  may  be  represented  by  A,  and  tlic  whole  pressure  on  the 
section  will  be  S  .  J7 .  ( Sp.  Gr.}  -\-  A.  If,  however,  the  liquid 
wets  the  tube,  the  interior  surface  will  bo  concave,  and  the  pres- 
sure transmitted  from  the  interior  of  tlie  tube  to  tlie  section  will 
bo  S  .  II'  .  (Sp.Gr.')-\-(^A  —  B').  Evidently  there  can  only  be 
au  c<iuilibri\im  when 

S.  17.  (Sp.G'r.y^A^  S.  II' .  (Sp.Gr.)  +  (A  — B), 
or 

/7'  =  /f+  A;  [123.] 

that  is  to  say,  when  the  level  in  tlio  tube  is  above  the  level 
oiitsidc.     The  difference  of  level,  A,   measures  tiie  difference  of 
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prcsKTu-e,  B,  caused  by  the  concavity  of  the 
surface. 

If  tlie  liquid  docs  not  wet  the  tube  (Fig. 
818),  then  tlio  interior  surface  will  be  con- 
vex, and  the  pressure  transmitted  from  the 
interior  of  the  tube  to  the  section  will  be 
S.  li'  .  iSp.Gr.')  +  (A  +  B'}.  We  shall 
then  liavo  cfiullibrium  wlicn 


S.H  .(  ^p.  Gr.-)  ^A=S.rr.(  N/;.  Cr.)  -\-  (A  +  B'), 

or 

H'=  II  — h';  [124.] 

that  is  to  say,  when  the  k-vel  in  the  t  il  e  i-i  bebw  tl  e  level  out- 
side ;  and  here,  as  befoie  the  diffuence  of  Icvd  measures  the 
difference  of  pressure,  winch  is  caused  lu  tl  it>  ca  e  1  v  tl  i,  ccn- 
vexity  of  tlie  surface. 

Between  these  two  conditions  tl  ere  I'l  i  tl  u  1  m  wl  ich  the 
liquid  surface  is  level  within  the,  tui  e  In  tl  a  ta  e  it  evident 
that  the  molecular  pressuies  will  balancp  eai.!  otl  ei  aid  tl  re 
can  be  equilibrium  only  wl  aw  H  ■=^  H  or  wl  en  t!  e  lucl  s  the 
same  within  and  without  the  tul  e 

These  results,  which  v^e  lia^e  now  deluccd  theoletll,^llv  are 
fully  confirmed  by  observation  foi  ive  tind  as  has  ilitadj  been 
stated  (184),  that  a  conca\e  meniscus  is  always  accompani  d  by 
an  elevation  of  the  liquid  column  in  a  cipillaiy  tubo  and  i  con- 
vex meniscus  by  a  corre'-pondnig  depression  The  phenomena 
of  capillarity  may  be  illustrated  not  onh 
by  means  of  a  simple  tube  as  i  presente  i 
in  Figs.  310  and  311,  but  al  o  by  a  sipl  o 
tube,  one  of  whose  brand  es  is  icr)  small 
while  tlic  other  is  at  least  20  millimcties 
in  diameter  (Figs.  819  and  320)  Tic 
depression  or  elevation  of  the  liquid  ]ii 
the  smaller  tubo  becomes  then  veiy  evi 
dent,  and  can  easily  be  measuicd  A 
number  of  these  tubes  ma^  bt  mounted 
together    for   comparison  icpte'^enttd       Fg    ^  ^e 

in  Fig.  321. 

These  phenomena  av       i  tirth    n  d  ]  endei  t  of  tl  e  ji' 
30* 
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to  which  the  apparatus  is  ex- 
posed. They  are  the  same  in 
compressed  air  as  in  a  vacuum, 
and  are  not  iniiiieiiccd  by  tlie 
thickness  of  the  walls  of  the 
tube.  They  vary,  on  the  oth- 
er hand,  with  the  material  of 
the  tube,  and  with  tho  nature 
of  tho  liquid.  When,  how- 
over,  the  tube  has  previously 
been  wet  with  tho  liquid,  the 
phenomena  are  also  entirely 
independent  of  the  material 
of  which  it  is  formed,  and  at 
any  given  temperature  vary 
only  with  the  nature  of  the 
liquid  and  the  diameter  of 
the  tube. 

If  we  take  tubes  of  the  same 
diameter,  and   dip  tlieir  ends 
'"^""^'  ill  different  liquids,  capable  of 

moistening  the  walls,  we  Und  that  the  heights  to  which  the  liquid 
columns  are  elevated  differ  very  greatly.  If  tlio  tube  is  1.8  m.  m. 
ill  diameter,  the  height  is  23.1  m.  m.  for  water,  9.8  m.  m.  for  oil 
of  turpentine,  7.07  m.  m.  for  alcohol,  and  still  less  for  other.  It 
is  essential  in  these  experiments  that  the  tubes  should  be  pre- 
viously cleaned,  and  carefully  rinsed  oiit  with  the  liquid  to  be 
used.  Otlierwise  the  phenomena  are  also  influenced  by  the  ma- 
terial of  the  tube,  and  are  rendered  very  irregular  by  the  film  of 
air  adhering  to  the  surface.  This  is  especially  true  when  the 
liquid  has  not  the  power  of  wetting  the  stu'face,  and  tiie  order  of 
the  phenomena  is  reversed.  The  amount  of  depression  in  such 
cases  not  only  varies  with  tho  nature  of  the  tube  and  of  the 
liquid,  but,  moreover,  it  is  not  the  same  for  the  same  tube  and 
liquid  under  different  circumstances.  For  example,  in  the  case 
of  mercury  and  glass,  the  form  of  the  meniscus,  and  the  depres- 
sion of  the  mercury  column,  wliich  depends  upon  this  form,  vary 
BO  greatly  witli  the  impurity  of  the  metal,  the  presence  of  the  air, 
and  the  nature  of  the  glass,  that  it  is  not  possible  to  calcidate  the 
amount  from  any  general  measurements,  hut  it  is  necessary  to  de- 
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termiiie  it  by  espcrimont  for  eacli  particular  iiistnimeiit.  Tims, 
in  tliG  same  tube  the  mercury  column  will  l)e  more  depressed  in 
a  vacuum  tban  in  tbe  air,  especially  wbcn  the  air  is  moist.  So, 
also,  mercury  which  has  been  boiled  in  the  air  forms  a  less  con- 
vex meniscus  than  mercury  wliich  has  been  boiled  in  an  atmos- 
phere of  hydrogen  or  carbonic  acid.  And  lastly,  a  small  amount 
of  oxide  dissolved  in  the  mercury  may  even  invert  the  order  of 
the  phenomena,  cansing  it  to  assume  a  plane,  or  even  a  slightly 
concave  snrface. 

In  determining  the  amount  of  pressure  from  the  height  of 
a  mercury  column  in  a  barometer  tiibe,  or  in  other  fotmu  of 
tube-appai'atus  used  in  experiments  on  gases,  it  is  impoitaiit 
to  connect  the  observations  for  the  capilHiy  depiession  ,  hut 
Biiice,  from  the  causes  ju=!t  stited,  the  Tnionnt  is  uncertain,  it  is 
best  either  to  use  tubes  so  lai^o  that  it  is  ri-ndeitd  uisensiblo, 
or  else  so  to  arrange  the  appaiatus  that  the  effect  of  capdiarity  in 
one  arm  of  a  siphon  is  balanced  by  an  equal  effect  in  the  other. 
In  the  barometers  of  Regnanlt  and  Fortin  the  amount  of  depres- 
sion is  a  constant  quantity,  and  is  determined  once  for  each  instru- 
ment (159  and  160)  ;  but  even  in  a  well-made  barometer  the 
surface  of  the  mercuiy  is  liable  to  changes,  which  alter  the  form 
of  the  meniscus,  and  consequently  cause  a  variation  in  the 
amount  of  depression.  The  convexity  of  the  meniscus  can  gen- 
erally be  restored  by  tapping  on  the  glass ;  but  when  the  surface 
of  the  mercuiy  is  badly  soiled,  it  is  necessary  to  refill  tlie  tube. 

(189.)  Numerical  Laws,  —  Altliongh  tlie  theory  of  capillarity, 
as  thus  far  developed,  explains  and  predicts  tlie  general  order 
of  the  phenomena,  it  does  not  yet  enable  us  to  calculate  the 
amount  of  the  elevation  and  depression  in  different 
tubes.  Tliis,  as  we  have  seen,  vai'ies  with  the  na- 
ture of  the  liquid,  and,  when  the  walls  of  the  tube 
have  not  been  previously  moistened  with  the  liquid, 
also  -with  the  nature  of  the  tube.  But  assuming 
that  all  other  conditions  are  equal,  let  us  in- 
vestigate the  relation  between  the  capillaiy  effect 
and  the  size  of  the  tube. 

For  this  purpose  let  us  take  the  simple  capo 
of  a  capillary  tube  (Fig.  322)  dipping  in  a  mass 
of  liquid  whicli  is  capable  of  wetting  its  surface, 
and   which   consequently  rises  in   its   bore  to   a 
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mean  height  AB.  In  the  first  place,  it  is  evident  that  the 
mass  of  the  tube  just  above  this  level  must  attract  the  liquid 
molecules  below,  and  that  there  will  thus  result  a  vertical  force, 
which  will  tend  to  raise  the  liquid  column.  Since  this  force  is 
proportional  to  the  number  of  solid  particles  withhi  the  sphere 
of  attraction,  and  hence  to  the  perimeter  of  the  tube,  we  may 
represent  it  by  the  expression  pa,  in  which  o  is  a  constant 
quantity  depending  on  the  nature  of  the  tube  and  the  liquid,  and 
p  the  perimeter  of  the  tube.  If  now,  in  the  second  place,  we  con- 
sider tlie  portion  of  the  tube  between  A  B  and  CD,  it  is  equally 
evident  that  the  attractive  forces  exerted  by  the  solid  particles 
will  balance  each  other,  and  can  therefore  produce  no  effect  either 
in  elevating  or  depressing  tlie  column.  Finally,  the  molecules  of 
tlie  tube  placed  just  above  C  D  will  attract  tlie  particles  situated 
just  below  in  the  prolongation  of  the  liquid  column,  and  will  evi- 
dently exci-t  a  force  tending  to  raise  this  column,  which  equals,  as 
before,  p  a,  and  which  added  to  the  first  gives  us  2p  ts  as  the 
whole  value  of  the  upward  pressure. 

But  we  have  thus  far  left  out  of  view  the  liquid  mass  below 
the  end  of  the  tube.  If  we  conceive  of  the  solid  tube  as  pro- 
longed by  a  tube  of  liquid,  C  D  M  N,  it  is  evident  that  the 
liquid  particles  forming  the  walls  of  this  tube  will  attract  those 
of  the  liquid  column  just  above  CD,  and  will  thus  exert  a  force 
tending  to  depress  it.  Representing  by  a'  a  constant  depending 
on  the  nature  of  the  liquid,  we  shall  have  for  this  downward 
force  the  value  p  a',  and  for  the  whole  vertical  force  the  value 
p  (^2  « —  a'),  a  force  which  will  raise  or  depress  the  column 
according  as  (2  a  —  a/')  is  positive  or  negative.  This  force  must 
evidently  be  equal  to  the  weight  of  the  column  of  liquid  which 
it  elevates  or  depresses;  and  since  this  weight  may  be  found 
by  multiplying  together  the  area  of  the  section  of  the  tiibe,  s,  the 
height  of  the  column.  A,  and  the  specific  gravity  of  the  liquid, 
Sp.  Gr.,  we  obtain 

p  (2  a  —  a')  =  s  ■  /^  ■  i^P-  ^■). 

j,^P    !_^-"'=±^(j'  [125.] 


and  substance  of  the  tube  arc  the  same. 


d  by  Google 


THE   THEEE   STATES    ( 


357 


If  the  tube  is  cylindrical,  |  =  -^ j^i  =  ^  and  /( =  i  ^  «'. 
For  anotlier  tube  of  tlie  same  material,  but  diliferent  diameter, 
!>,  we  obtain  A'  =  ±  -^  a",  whence  we  deduce 

±A:  ±A'  =  X)':  A  [126-] 

or  in  words,  The  elevations  or  depressions  of  a  given  liquid  in 
cylindrical  tubes  of  the  same  mateHal,  but  of  (liferent  diameters, 
are  inversely  proportional  to  the  diameters  of  the  tubes. 

If  the  tube  has  a  rectangular  section,  the  perimeter  is  equal 
to  2  (m  +  «),  the  lengths  m  and  n  being  those  of  the  sides  of 

the  rectangle,  and  wc  have  f  =  ^^^^V^-  ^^^"'^  ^'^^  ^^""^^^ 
of  one  side  is  infinite,  we  have  also  )i  =  ^' ,  |  ==  ^ ,  and 
/;  ^  -t-   —a",  from  which  we  can  deduce 

±/*:  ±A'=m':m.  [J27.} 

The  case  supposed  is  evidently  that  of  two  plates  parallel  to  each 
otlier,  and  separated  by  a  distance  m.  Hence  the  elevatim 
or  depression  of  a  given  liquid  between  two  parallel  plates  is 
inversely  proportional  to  their  distance  apart. 

If,  lastly,  we  compare  the  effect  produced  by  a  cylmdrical  tube 
when  /(=  ±  -^  ffl%  and  that  by  parallel  plates  when  A'  =  rfc  —  a% 
we  obtain  tlie  proportion 

h:h'  =  'im:V,  [128-] 

by  Thicli  wo  and,  ilmt  when  m  =  D,  tlion  *  =  2  *',  <»'  i" 
TOris,  The  vanatim  of  level  caused  hy  two  -plates  is  me  half 
of  llml  caused  by  o  tube  of  the  same  nature,  whose  diameter  ts 
equal  to  the  distance  between  lite  plates. 

(190.)  Verijicalion  of  tlie  Laws.  First  Law.  —  It  follows 
from  [126],  that,  it  the  first  of  the  three  immerical  laws,  which 
haTO  thus  been  deduced  theoretically,  is  correct,  the  product  of 
tlie  eleTation  or  depression  of  the  liquid  column  into  tlie  diam- 
eter of  tlie  tube  must  be  always  a  constant  quiintity  for  tlie  same 
liquid.  That  this  is  approximatively,  at  least,  the  ease,  is  shown 
by  the  following  tablo,  taken  from  Jamin's  Omrs  de  mysiqm, 
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to  which  we  are  iiidchted  also  for  tlio  general  method  followed 
in  tlie  discussion  ol'  this  subjeet. 


Water,         

fl.20 

2.11  G 
Io.5S 

aD.87 
2!).G0 

A1     h  1 

(1.29 

9.18 

11.84 

' 

6.08 

n.&i 

Paralkl  Fktes  and  Wafer, 

l.OGi) 

13.57 

1-1.52 

This  law  is  not,  however,  exact,  when  the  diameter  of  the 
tube  is  so  large  tliat  we  can  no  longer  neglect  the  curvature 
of  the  surface  which  terminates  the  liquid  column  (we  assume 
always  tliat  the  height  of  the  column  is  measured  to  the  lowest 
point  of  the  concavity,  or  to  the  highest  point  of  the  con- 
vexity). When  the  diameter  of  the  tube  is  not  greater  than 
one  or  two  millimetres,  the  surface  is  approximativcly  hemi- 
spherical, and  we  can  then  easily  estimate  tho  amount  of  devi- 
ation. If,  as  above,  we  represent  by  A  and  A'  the  heights  of 
two  colimms  of  the  same  liquid  in  tubes  of  different  diameters, 
measured  to  the  lowest  point,  n,  of  a  concave  meniscus,  it  is  evi- 
dent that,  in  order  to  obtain  exactly  the  weight  of  these  liquid 
columns,  we  must  add  to  the  weights  of  tlio  liquid  cylinders 
s  .  A  ,  ( Sp.  Gr. )  and  s' .  A' .  ( Sp.  Gr.')  the  weight  of  liquid  above 
the  point  «.  The  volume  of  this  liquid  is  evidently  equal  to 
the  difference  of  volume  between  a  hemisphere  and  a  cylin- 
der of  the  same  diameter  and  of  a  height  equal  to  the  radius 
of  the  hemisphere.  Using  the  notation  of  the  last  section,  we 
find  for  this  volume  tho  value  i  D^  7t  —  ^  D"  it  =  ^\  D'  n, 
and  for  the  total  weighta  of  the  liquid  columns  the  values 
iD'  7t  (a  +  ^\  I^Sp.  &V.J,  and  i  I>' 7t  (/''  +  '^)  C^P-  Gr.),  and 
by  the  same  course  of  reasoning  as  before  [125],  wo  deduce 

±(i+f):±(4'+f)  =  i)':i>.  [129.] 

The  double  sign  ±  is  used,  because,  as  can  easily  be  proved,  tho 
proportion  is  equally  true  when  the  meniscus  is  convex.  Hence 
it  follows,  that,  when  the  tubes  are  not  more  than  one  or  two  mil- 
limetres in  diameter,  the  law  of  inverse  proportions  is  correct, 
when  WG  add  to  the  observed  heights  one  sixth  of  the  diameter 
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of  tho  tube,  the  correction  required  for  the  meniscus ;  and  obser- 
vation confirms  tliis  i-esult  of  theory. 

When  the  tubes  are  very  small,  and  the  elevations  or  depres- 
sions correspondingly  large,  we  can  neglect  the  voiy  small  value 
^,  and  regard  the  law  as  accurate  without  this  correction.  When, 
however,  the  tubes  are  extremely  small,  a  new  cause  of  devia- 
tion from  the  law  is  introduced.  In  experiments  on  capillarity, 
as  already  stated,  we  can  obtain  constant  results  only  when  the 
Eiirfaces  of  the  tubes  have  been  previously  moistened  with  the 
liquid  to  be  used,  and  the  results  are  then  the  same  as  if  the 
experiment  were  made  witli  a  liquid  tube  of  less  diameter, 
the  solid  wall  serving  only  to  support  tlie  liquid  particles.  If 
the  tube  is  one  or  two  millimetres  in  diameter,  the  thickness 
of  the  liquid  film  may  be  neglected ;  but  when  the  tube  is  very 
small,  this  thickness  sensibly  diminishes  its  effective  size,  and  we 
should  therefore  expect  that  it  would  raise  a  liqiiid  column  to  a 
greater  height  than  that  required  by  the  law,  as  we  find  to  be 
the  case. 

When,  on  the  other  hand,  the  tubes  are  more  tiian  three  milli- 
metres hi  diameter,  the  surface  of  the  liquid  colunm  differs  so 
considerably  from  that  of  a  hemisphere,  that  the  proportion  [129] 
no  longer  holds  true,  and  the  deviation  from  the  law  becomes 
very  large.  Even  in  such  cases,  however,  the  heights  to  which 
liquids  will  rise  can  be  calculated  when  the  precise  form  of  the 
meniscus  is  given ;  but  the  methods  are  too  complicated  for  an 
elementary  treatise. 

Second  Law.  —  The  second  law  of  (189)  can  be  verified  by  a 
very   instructive   experiment.     If  we   take 
two  glass  plates,  \rnited  by  hinges  at  one 
side,  and,  having  very  slightly  opened  these 
liinges,  dip  the  ends  of  the  plates,  as  repre- 
sented by  Fig.  323,  in  colored  water,  we 
find   that   the   liquid   rises   between   these 
plates  to  a  variable  height,  depending  on 
tlie  intei-val  which  separates  them,  its  up-       _  _^_^^__^ 
per  surface   talcing   the   form  of  a  curve,         ^''r'i^Bsa, 
known  in  geometry  under  the  name  of  an 
equilateral  hyperbola.     Let  us  inquire  whether  the  form  of  this 
curve  does  not  furnish  a  confirmation  of  the  law  under  discussion. 
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We  may  evidently  regard  the  two  glass  plates  as  consisting 
of  an  inliuito  nitinber  of  infinitely  narrow  parallel  strips,  as 
shown  by  Pig.  324.  If  then  the  law  is 
correct,  it  follows  [127]  that  the  heights 
to  which  the  liquid  is  elevated,  at  any  two 
])oints,  will  be  proportional  to  the  interval 
""^  ^  between  the  plates  at  these  points,  so  that 

at  every  point  we  must  have  h  =  — .  If  now  we  take  for 
the  axis  of  y  the  vertical  line  of  intersection  of  the  two  planes, 
and  for  the  axis  of  x  the  line  of  contact 
of  the  water  level  witli  one  of  them,  we 
shall  have  (Fig.  325),  MP=h=^y, 
AP  =  x,  and  PQ  =  m=Cx,  in 
whicb  C  is  a  constant  quantity  depend- 
ing on  the  angle  between  the  planes. 
Substituting  these  valncs  in  A  =     -, 

i-i  ■  2  «^  '" 

WO  obtam         i/  =  ——  , 

Pig.  32^  2  «^    ' ,  ,      , 

or  xy:r=  — ^  =  a  constant, 

which  is  the  equation  of  an  equilateral  hyperbola  referred  to  its 
asymptotes  as  co-ordinate  axes.  Since  this  is  the  curve  which 
the  liquid  surface  always  assumes,  it  is  crident  that  the  second 
law  is  verified  by  the  experiment. 

Third  Law.  —  When  the  ends  of  two  parallel  glass  plates, 
maintained  at  a  small  distance  from  each  other,  are  dipped  into 
water,  and  the  difference  of  level  measured,  it  has  been  found  that 
the  product  of  the  distance  between  the  plates  by  the  elevation 
of  tlie  liquid  is  one  half  of  that  obtained  with  glass  tubes.  This 
fact  is  shown  in  the  table  on  page  358,  and  verifies  the  third  law. 

(191.)  Influence  of  Temperature  on  Capillary  Phenomena.  — 
The  general  expression  for  tlie  elevation  or  depression  of  the 
liquid  column  in  a  capillary  tube  [125]  may  be  written 
_     4         2  a —  a' 

and  it  is  evident  that  any  cause  which  changes  either  the  spe- 
cific gravity  of  the  liquid,  or  the  relative  values  of  tlie  cohesive 
and  adhesive  forces,  will  produce  variations  in  the  value  h. 
Hence  an  increase  of  temperature,  which  diminishes  the  specific 
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gravity  by  expanding  the  liquid,  would  of  itself  alone  i 
the  eleratiou  or  depression  of  the  column  ;  but  since  this  increase 
of  temperature  produces  changes  in  the  molecular  forces,  and 
hence  affects  the  value  of  the  term  2  a  —  a',  we  find  tliat  the 
elevation  or  depression,  instead  of  increasing  with  the  tempera- 
ture, actually  diminishes.  Tliis  decrease  is  not,  however,  simply 
proportional  to  tlie  temperature,  hut  follows  much  more  compli- 
cated laws.  The  following  table  shows  the  height  at  which  the  dif- 
ferent liquids  enumerated  stand  at  0°  0.  in  a  tube  two  millimetres 
in  diameter,  together  with  the  coefficient  of  correction  for  tempera- 
ture, wliich,  multiplied  by  t,  the  number  of  degrees  above  0% 
gives  the  amount  in  millimetres  to  be  deducted  from  the  height 
at  0",  in  order  to  iind  tlie  height  of  the  capillary  column  at  the 
temperature  required.  The  last  column  gives  the  limits  of  tem- 
perature between  which  the  formulte  hold  true. 

Water,                    1.0000  IsTsIa  — 0.0286  i  0  lo    82 

Efher,                    0.7370  5.400  — 0.025i  (  — C  to    35 

Olive  Oil,               0.9150  7.461  —0.0105  (  15  to  150 

Oil  of  Turpentine,  0.8902  6.760  —0.0167  t  17  to  137 

Alcohol,                  0.8-208  6.050  — 0.0116  (  — 0.00005U=       0  to    75 

Sulphuric  Acid,     1.840  8.400  —0.0153  (  — 0.000094  i''     12  to    90 

(192.)  Spheroidal  Condition  of  Liquids.  —  When  the  adhe- 
sion of  a  hquid  to  a  solid  surface  is  more  than  twice  as  great  as 
the  cohesion  between  its  particles,  it  spreads  over  the  surface  of 
the  solid  and  wets  it  (185).  If,  however,  the  force  of  adhesion 
is  less  than  tliis,  the  liquid  forms  in  drops,  which  roll  round  on 
the  solid  surface  like  drops  of  mercury  on  glass,  or  drops  of  water 
on  oiled  paper.  The  form  of  these  drops  is  determined  by  the 
action  of  three  forces  :  first,  the  cohesion  of  the  particles  of  the 
liquid,  secondly,  the  adhesion  of  the  liquid  to  the  solid,  and 
lastly,  gravity.  "When  veiy  small,  the  drops  are  sensibly  spher- 
ical ;  but  as  they  increase,  the  sphere  becomes  flattened  by  the 
action  of  gravity,  and  they  assume  a  spheroidal  shape.  Hence 
liquids,  imder  these  circumstances,  are  said  to  be  in  a  spheroidal 
condition.  Since  most  solid  surfaces  are  wet  by  water,  alcohol, 
and  similar  liquids,  the  spheroidal  condition  is  their  exceptional 
state  ;  but  it  is  familiar  to  us  hi  the  cases  just  mentioned,  and 
in  5c^'C^aI  others.  As  the  ctfunt  of  lieat  is  to  diminish  both  the 
SI 
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coliosive  and  adliesive  forces,  wo  can  easily  conceive  haw  it  mav 
so  far  alter  their  relative  values  as  entirely  to  change  the  rela- 
tions of  a  liquid  to  a  solid  surface.  Tins  result  is  readily  ob- 
tained with  water,  alcohol,  and  similar  liquids,  which,  at  tlie 
ordinary  temperature,  wet  metallic  surfaces. 

It  Tvill  hereafter  be  shown,  that  we  cannot  heat  a  liquid  in  the 
open  air  above  its  boiling  point,  and  hence  we  cannot  diminish  the 
cohesive  force,  except  to  a  limited  extent ;  while,on  the  other  hand, 
we  can  heat  the  metals  to  a  far  higher  temperature,  and  thus  di- 
minish the  adhesion,  until  the  force  becomes  less  than  twice  that 
of  cohesion,  wliea  the  liquid  will  assume  the  spheroidal  state. 
Thus,  for  example,  if  water  is  dropped  into  a  metallic  vessel  heat- 
ed above  171°  C.,  it  rolls  along  the  surface  of  the  metal  like  mer- 
cury on  glass,  and  remains  in  that  state  until  the  temperature  falls 
to  142° ;  then  it  moistens  the  metallic  surface,  and  evaporates 
rapidly.  Alcohol  acts  in  the  same  -way  when  the  temperature  of 
the  vessel  is  above  134°,  and  ether  when  it  is  above  61°.  The 
temperature  of  the  liquid  itself,  under  these  circumstances,  is 
nearly  constant,  being  always  several  degrees  below  its  boiling 
point:  thus  9G.5  is  the  temperature  of  water,  75.8  that  of 
absolute  alcohol,  84.2  that  of  ether,  and  — 10.5  that  of  liquid 
sulphurous  acid.  The  temperature  of  the  liquid  may  there- 
fore be  several  hundred  degrees  below  that  of  the  metallic 
vessel,  as  is  well  illustrated  by  liquid  sulphurous  acid,  which  in 
the  spheroidal  state  retains  a  temperatuvo  10.5  degi-ees  below 
the  freezing  point  of  water,  even  when  the  metallic  crucible 
containing  it  is  visibly  red-hot.  If  water  is  slowly  dropped 
into  this  singular  liquid  under  these  cii-cumstances,  it  is  at  once 
congealed,  thus  exhibiting  the  apparent  paradox  of  freezing 
water  in  a  red-hot  crucible. 

One  of  the  most  instructive  illustrations  of  the  spheroidal  con- 
dition of  water  is  the  rude  method  used  in  laundries  for  testing 
the  degree  of  heat  of  a  flat-iron.  If  a  drop  of  saliva  lot  fall  upon 
it  does  not  boil,  but  runs  along  the  surface  of  the  metal,  the  iron 
is  considered  sufficiently  hot ;  but  if  the  drop  adheres,  and  rapidly 
boils  away,  the  temperature  is  known  to  be  too  low.  We  shall 
liave  occasion  to  return  to  this  subject  in  the  chapter  on  Heat. 

(193.)  Examples  and  Illustrations  of  Capillarity.  —  One 
of  the  most  familiar  examples  of  capillary  action  is  seen  in 
the   wicks  of  lamps  and  candles.     These  consist  of  very  fine 
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Tegetablo  tubes,  through  which  the  oil  or  melted  combustible  is 
elevated  to  the  flame,  and  supplied  as  fast  as  it  is  bunit.  This 
same  principle  also  influences  the  circulation  of  the  liquid  juices 
in  the  porous  tissues  of  organizedbeings,  and  it  is  the  principal 
means  by  which  water,  "witli  the  substances  it  holds  in  solution,  is 
supplied  to  tlie  growijig  plant.  It  is  the  capillary  action,  which, 
during  the  droughts  of  summer,  draws  up  to  the  surface  of  the 
soil  the  water  iieeeasary  for  vegetation,  which  had  penetrated  into 
it  during  tho  heavy  rains  of  spring.  Wlien  the  water  holds  salts 
in  solution,  these  are  deposited  as  it  subsequently  evaporates, 
forming  thoso  inciiistations  which  are  frequently  seen  on  the 
brick  walls  of  old  houses  and  on  the  surfaces  of  saltpetre  beds. 

The  laws  of  capillary  action  furnish  tho  explanation  of  many 
otlier  remai-kable  phenomena.  A  platinum  wire  will  float  on  the 
surface  of  mercury,  altliough  its  specific  gravity  is  very  much 
greater  than  that  of  tho  liqiiid  metal.  So  also  a  very  fine  metal- 
lic wire,  which  has  been  slightly  greased  by  passing  it  between  tho 
fingers,  can  be  made  to  float  upon  water,  and  the  same  is  true  of 
many  metallic  powders.  This  singular  result  is  explained  by 
tho  fact,  that  the  floating  body  is  not  wet  by  tho  liquid,  and  con- 
sequently there  forms  around  it  a  meniscus,  which  displaces  a 
large  volume  of  liquid  iit  comparison  with  that  of  the  solid ; 
and  since  the  volume  of  water  thus  displaced  weighs  as  much 
as  the  floating  body,  it  cannot  sink.  There  are  some  insects 
which  walk  on  the  surface  of  water,  but  which  would  almost 
entirely  sink  in  the  liquid  were  it  not  tliat  the  capillary  depres- 
sion formed  by  tlicir  extended  feet  (which  are  kept  from  being 
wet  by  a  greasy  coating)  displaces  a  weight  of  water  equal  to 
that  of  the  insect. 

(194.)  Absorption.  —  The  power  which  porous  solids,  like 
wood,  cloth,  paper,  or  animal  membrane,  possess  of  absorbing 
liquids,  is  also  a  phase  of  capillary  action.  These  solid  bodies 
are  filled  with  minute  channels,  into  which  the  liquid  is  drawn 
with  gi-eat  force,  as  before  explained.  "We  may  gain  an  idea  of 
the  intensity  of  this  force  by  reflecting  that  in  a  tube  1  millimetre 
in  diameter  it  is  measured  by  a  column  of  water  30  m.m.  high, 
and  hence  in  a  tube  li^  millimeti'e  in  diameter  by  a  column  of 
water  3  metres  in  height.  Now  since  the  minute  channels  with 
which  these  porous  solids  are  filled  are  as  small  as  this,  or  even 
sjnallcr,  it  is  evident  that  they  will  absorb  water  with  an  almost 
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irresistible  force  ;  hence  the  difficulty  of  pressing  out  the  liqiiitl 
when  it  has  once  been  imbibed.  In  many  cases  tiie  absorp- 
tion of  a  liquid  is  attended  -witli,  an  increase  of  volume,  and 
the  intensity  of  the  capillary  force  is  rendered  evident  by  the 
expansive  power  whieli  is  thus  exhibited.  A  common  method 
of  splitting  granite  rock  consists  in  drilling  a  iinmbor  of  holes 
along  the  line  of  fracture,  and  subsequentiy  plugging  them  up 
witli  dry  wood.  Water  is  tlieu  poured  over  the  plugs,  wliicli 
expand  and  split  the  stone. 

The  amount  of  liquid  absorbed  by  a  given  solid  varies  witli  the 
nature  of  the  liquid  used ;  thus  it  has  been  found  tliat  100  parts 
by  weight  of  the  dried  bladder  of  an  ox  absorbed  in  twenty-four 
liours 

268  parts  of  pure  water, 

133      "         water  saturated  with  common  salt, 
38      "         alcohol,  Si  per  cent. 
17      "         bono  oil. 
It  lias  also  been  found,  that,  if  the  bladder  saturated  with  oil  is 
soaked  in  water,  the  oil  is  after  a  ivhile  entirely  replaced  by  i^ater, 
and  by  as  mucli  water  as  the  bladder  is  capable  of  absorbing. 
These  facts  indicate  not  only  that  porous  solids  exert  an  unequal 
attraction  for  different  liquids,  but  also  that  they  attract  most 
powerfully  those  of  which  they  absorb  the  greatest  volume. 

In  connection  with  tliese  facts  may  be  mentioned  the  singular 
property  which  many  kinds  of  cliarcoal  possess,  of  absorbing  color- 
ing-matters and  other  organic  principles.  Thus,  if  water  colored 
by  litmus  is  shaken  up  with  pulverized  charcoal,  nearly  the  whole 
of  the  coloring-matter  will  be  retained  by  the  charcoal,  and,  on 
filtering,  tlie  liquid  will  run  through  colorless.  A  variety  of  char- 
coal called  bone-black  possesses  this  power  in  a  higli  degree,  and 
is  used  for  removing  the  color  from  the  brown  syrups  in  the  pro- 
cess of  refining  sugar.  The  syrups  are  filtered  through  a  layer  of 
charcoal  twelve  or  thirteen  feet  in  tliickness,  contained  in  a  tall 
iron  cylinder,  and  are  thus  obtained  perfectly  colorless.  Bone- 
black  is  prepared  by  calcining  bones  in  close  vessels,  and  does  not 
contain  more  than  one  tentli  or  one  twelfth  of  its  weight  of  cliai- 
eoal ;  the  remainder  consists  of  earthy  matter,  chiefiy  phosphate 
of  lime.  "Whether  the  peculiar  property  under  consideration  is 
due  to  tlie  charcoal  alone,  or  whether  it  is  also  shared  by  the 
earthy  salts,  is  not  known.     Other  animal  substances,  especially 
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dried  blood,  fm-nisli  when  calcined  a  charcoal,  which,  if  well 
washed,  is  eyen  more  efficacious  than  bone-b!act,  and  the  addi- 
tion of  carbouate  of  potash  to  the  mass  liefore  calcining  still 
further  increases  the  decolorizing  power  of  the  charcoal. 

The  absorhuig  power  of  charcoal  is  not,  however,  confined  to 
the  coloring  principles  alone.  Many  inorganic  substances  when 
in  solution,  especially  of  feeble  solubility,  are  absorbed  in  tlie 
same  way.  Professor  Graliam  has  shown  that  this  is  the  case 
mth  tlio  metallic  oxides  when  dissolved  in  potash  or  ammonia, 
and  -with  araenious  acid  when  dissolved  in  water.  It  is  also  true 
of  most  organic  extractive  matte  Tl  u  f  po  t  s  filtered 
through  lampblack,  it  will  be  foi  d  to  1  e  1  t  tl  eater  part 
of  its  bitterness,  as  well  as  its  col  ad  a  tl  e  i  eparation  of 
organic  extracts  much  of  the  ac  pn  j  1  I  t  if  as  is  not 
luifrequently  the  case,  the  liquid  d  t  1  th  a  mal  chai^ 
coal  for  the  purpose  of  removing  the  eoloi. 

(195.)  Solution.  —  When  the  adhesion  of  a  liquid  to  a  solid  is 
sufficiently  strojig  to  overcome  tlie  force  of  cohesion,  tlie  solid 
enters  into  solution ;  that  is,  it  diffuses  throughout  the  mass  of 
the  liquid,  without  destroying  its  ti'ansparency.  Thus  salt  or 
sugar  dissolves  in  water,  resins  dissolve  in  alcohol,  fats  dissolve  in 
ether,  and  most  of  the  metals  dissolve  in  mercmy.  The  solvent 
power  of  a  given  liquid  for  different  solids  vai-ics  almost  indeli- 
nitely.  Thus  sulphate  of  baryta  is  almost  insoluble  in  water ; 
sulphate  of  lime  dissolves  in  the  proportion  of  about  one  part  in 
400  parts  of  water,  and  sugar  in  one  third  of  its  weight  of  water, 
while  hydi'ato  of  potassa  may  be  dissolved  hi  tliis  liquid  to  almost 
any  extent. 

If  we  add  a  solid  body,  in  successive  portions,  to  a  liqiiid 
capable  of  dissolving  it,  we  find  that  the  firet  portions  disap- 
,  pear  very  rapidly,  but  each  succeeding  portion  dissolves  less 
rapidly,  until  at  length  a  jioint  is  reached  when  tiie  solid  is  uo 
longer  dissolved.  The  liquid  is  then  said  to  bo  saturated  witii 
the  particiilai-  solid.  It  woidd  appear  tiiat  the  adliesion  of  the 
liquid  had  tiic  power  of  overcoming  the  cohesion  of  the  solid  to 
a  limited  extent,  imtil  the  t^vo  forces  were  in  a  condition  of 
equilibrium.  A.  liquid,  however,  which  is  saturated  with  one 
substance  may  stiil  continue  to  dissolve  others. 

The  solvent  power  of  a  given  liciuid  for  the  same  solid,  as  a 
general  nilc,  varies  very  greatly  witli  the  temperature.     Since 
31* 
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heat  tends  to  weaken  the  force  of  cohesion,  wc  slionld  natarally 
expect  that  it  would  increase  tlio  solvent  power  of  a  liquid,  and 
we  find  tlmt  in  most  cases  it  does.  There  are,  however,  many 
striking  exceptions  to  this  rule.  Thus  water  at  the  freezing 
point  dissolves  nearly  twice  as  much  lime  as  it  does  when  boiling ; 
and  in  like  manner  sulphate  of  lime,  citrate  of  lime,  sulphate  of 
lanthanum,  and  several  other  substances,  are  known  to  he  more 
soluble  ill  cold  than  in  hot  water. 

The  increase  of  solubility  with  the  temperature  is  very  imequal 
in  different  cases.  The  solubility  of  common  salt  scarcely  in- 
creases between  0°  and  100°.  Thus  100  parts  of  water  dissolve 
at  the  ordinary  temperature  36  parts  of  conunon  salt,  and  at  tlie 
boiling  point  a  little  over  39  parts.  With  a  few  salts  the  increase 
of  solubihty  is  exactly  proportional  to  the  temperature,  and  may 
be  represented  by  the  general  formula,  S=  A-\-  Bt,  m  which 
A  represents  the  solubility  at  0°,  and  B  the  increase  of  solubility 
for  each  degree  of  temperatiu-c.  This  is  the  case  with  the  fol- 
lowing three  salts.     One  hundred  parts  of  water  dissolve  at  f, 

of  Sulphate  of  Potash,  S=    S%Q  +  0.1741  i, 

«  Chloride  of  Potassium,  ,S  =  29.23  -f  0.2738 1, 

«  Chloride  of  Barium,  S  =  32.G2  +  0-2711 1. 

In  most  cases,  however,  the  solubility  increases  more  rapidly  than 
the  temperature.  This  is  tlie  case  with  common  nitre,  as  may  be 
seen  in  the  following  table,  in  which  the  solubilities  both  of  nitre 
and  chloride  of  potassium  are  given  side  by  side  for  every  20°  be- 
tween the  freezing  and  boiling  points  of  water. 


Chloride  of  Potassium. 

otap^eu™ 

■■^morm!^?    i^'f^ 

0 

29.23  5, 
34.70             ,  " 

20 

40 

40.18  t 
45.GG             g  ^ 

60 

80 

100 

6G.G2 

13.82 

18.38 

31.70 

32.27 

G3.97 

46.3G 

110.33 

69.92 

170.25 

..48 

100 

Since  the  solubility  of  a  salt  is  always  some  function  of  the  tem- 
perature, it  can  in  every  case  be  expressed  by  the  general  formula, 
into  which  e^ery  algebraic  function  may  be  developed : 

S=  A+Bt-\-  Cf'-h  .Di'  +  &c.  [130.] 
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In  this  formnla,  A.  is  tlie  solubility  at  0°,  and  B,  C,  D,  &c.  are 
empirical  coefiRcieiits,  which  can  be  easily  calciilated  in  any  given 
case  from  tlie  results  of  experiment.  Thus,  for  example,  100 
parts  of  water  dissolve  at  the  temperature  t  an  amount  of  nitre 
represented  by 

S=  13.32  -f  0.5738  i  +  0.017168  (^  +  0.0000035977  i% 
and  of  nitrate  of  baryta  an  amount 

S  =  5.00  +  0.17179 1  +  0.0017406  f  —  0.0000050035  i\ 
The  values  of  the  coefRcients  of  the  powers  of  t  are  calculated 
by  substituting  in  the  general  equation  [180]  the  value  of  A, 
and  also  the  values  of  -S  and  t,  for  each  temperature  at  which 
the  solubility  has  been  determined.  We  shall  thus  obtain  as 
many  separate  equations  as  tliere  are  separate  determinations, 
and,  by  combining  them  togetlier  according  to  the  well-known 
metliods  of  algebra,  wo  can  easily  calculate  tlie  coefficients  re- 
quired. It  is  erident  that  we  can  only  ascertain  as  many  co- 
efficients as  there  are  equations,  and  also  that  the  resulting 
formula  is  purely  empirical,  and  can  only  be  trusted  for  tem- 
peratures between  those  at  which  the  experiments  were  made. 

Tlie  solubility  of  a  salt  at  different  temperatures  can  be  also 
expressed  gi-aphically,  according  to  the  method  of  analytical 
geometry,   as  represented   m  Fig.  326.     The  horizontal  axis, 


■vvhicli  corresponds  to  the  axis  of  abscissas,  is  divided  into  equal 
parts,  which  indicate  degrees  of  tcmperatui'e,  and  the  vertical 
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axis,  -wliicli  corresponds  to  the  axis  of  ordinatcs,  is  also  divided 
into  equal  pai'ts,  wliich  indicate  tlie  number  of  grammes  of  salt 
soluble  at  tlie  given  temperatures  in  100  parts  of  water.  In 
order  to  form  the  curve,  we  fix  as  many  points  as  possible  from 
the  experimental  data,  and  then  through  the  points  thus  deter- 
mined we  draw  a  line,  which  is  the  curve  reqxiii'ed.  We  can  now, 
by  inspection,  easily  determine  the  solubility  of  the  salt  at  any 
temperature  which  is  within  the  limits  of  our  experiments.  Sup- 
pose, for  example,  we  wish  to  know  the  solubility  of  nitre  at  40°, 
we  follow  up  the  vertical  line  marked  40°  until  it  crosses  the 
cui-ve ;  and  then,  opposite  to  the  point  of  intei-section,  we  find  on 
tlie  axis  of  ordinates  the  number  64,  indicatuig  that  at  this  tem- 
perature 64  parts  of  salt  dissolve  in  100  parts  of  water.  Such 
curves  convey  at  a  glance  a  general  idea  of  the  law  which  the 
solubility  of  a  given  salt  follows,  and  also  the  relative  solubility  of 
different  salts  at  any  given  temperature.  Thus  it  will  be  noticed 
tliat  the  curve  of  common  salt  is  a  straight  line  parallel  to  tlie 
horizontal  axis,  indicating  that  its  solubility  does  not  vaiy  with 
the  temperature.  The  curves  of  chloride  of  bariiun  and  chloride 
of  potassiiun  are  also  straight  lines,  uiclmed  at  a  certain  angle 
to  the  horizontal  axis,  showing  that  the  increase  of  solubility  is 
directly  proportional  to  the  temperature.  The  curve  of  sul- 
phate of  magnesia  is  also  a  straight  line,  but  more  inclined  to 
tlie  lioinzontal  than  the  last,  proving  that  tlie  solubiUty  of  this 
salt  increases  proportionally  to  the  temperature,  but  at  a  more 
rapid  ratio  than  that  of  the  last  two.  The  curves  of  nitrate 
of  baryta,  of  chlorate  of  potassa,  and  of  nitrate  of  potassa,  in- 
dicate that  their  solubility  increases  more  rapidly  than  the  tem- 
perature, and  according  to  very  different  laws.  Lastly,  it  will 
be  noticed  that  the  order  of  relative  solubility  of  the  three  salts, 
sulphate  of  potassa,  nitrate  of  baryta,  and  chlorate  of  potassa,  is 
completely  inverted  in  passing  from  35°  to  55°. 

The  relative  solubility  of  chemical  compounds  is  one  of  the 
most  important  circumstances  in  detemiining  chemical  changes ; 
and  it  can  be  easily  seen  how  important  these  tables  of  cuiwes 
must  be  to  the  chemist.  Unfortunately,  full  determinations 
of  the  solubility  of  substances  at  different  temperatiu'es  have 
only  been  made  in  a  few  cases,  and  these  have  been  mostly 
limited  to  solubility  in  water. 

From  a  knowledge  of  the  solubility  of  a  solid  in  one  liquid, 
we  can  draw  no  conclusions  in  regard  to  its  solubility  in  an- 
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other,  and  this  is  also  time  in  i-egard  to  the  law  according  to 
■wMcli  the  solubility  changes  with  the  temperature.  Tliis  gener- 
ally differs  enth-ely  for  different  liquids,  even  when  the  solid  is 
the  same,  and  must  therefore  be  determined  sepai-ately  for  each. 

In  several  cases  the  solubility  of  substances  has  been  deter- 
mined both  above  and  below  their  melting  point ;  but  no  sud- 
den change  of  solubUity  has  been  noticed  at  this  point,  as  might 
have  been  expected.  Thus  the  melting  points  of  spermaceti, 
parafline,  and  of  several  other  similar  solids,  are  below  the  boil-, 
ing  point  of  alcoliol,  so  that  we  can  determine  the  solubility  of 
these  substances  in  alcohol,  both  above  and  below  their  melting 
points.  In  each  case,  the  solubility  has  been  found  to  increase 
gradually  throughout  the  whole  range  of  temperature,  and  the 
melting  of  the  solid  does  not  appear  by  itself  alone  to  produce 
any  change. 

(196.)  Determination  of  Solubilities.  — In  order  to  deter- 
mine the  solubility  of  a  substance  at  a  given  temperature,  a 
saturated  solution  is  first  prepared  at  the  temperatm-e  required. 
This  may  be  prepared  in  one  of  two  ways.  We  may  either  keep  the 
liquid  in  contact  with  a  large  excess  of  the  solid  for  a  long  time, 
at  the  given  temperature,  imtil  it  has  dissolved  aU  that  it  can,  or 
we  may  prepare  a  saturated  solution  at  a  slightly  higher  temper- 
ature, and,  after  having  cooled  it  to  the  required  temperature, 
keep  it  at  that  point  until  the  excess  of  the  solid  has  been  depos- 
ited. Experiments  have  proved  that  we  obtain  the  same  result 
by  both  methods ;  but  in  employing  the  second,  it  is  necessary  to 
take  certain  precautions.  It  has  been  observed,  that  a  liquid, 
when  not  in  contact  with  the  solid  particles  themselves,  will 
retain  in  solution  an  amount  of  the  solid  which  is  greater  than 
it  can  noi-maily  dissolve  at  the  given  temperature.  But  if  a  few 
crystals  of  the  solid  ai-e  dropped  into  it,  tlie  excess  will  be  at  once 
deposited.  Violent  agitation  favors  the  separation,  but  we  can- 
not in  any  case  be  certain  that  the  excess  has  been  completely 
removed  until  after  several  hours. 

Having  prepared  a  saturated  solution,  by  either  of  these  pro- 
cesses, we  next  transfer  a  quantity  of  it  to  a  tai-ed  flask,  and  care- 
fully determine  its  weight,  which  should  be  about  50  grammes. 
We  then  evaporate  the  liquid  by  placing  the  flask  over  a  sand- 
bath  or  a  small  furnace,  as  represented  in  Pig.  327,  taking  care 
to  Itcep  the  neck  of  the  flask,  which  should  be  quite  long,  in- 
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clined  ut  an  angle  of  about  45°,  in  oi-cler  to  prevent  loss  by  spirt- 
ing. Tlio  evaporation  is  continued  until  both  the  water  of  crys- 
tallization and  that  of  solution  have  been  driven  off,  and  the  salt 
left  in  an  anhydrous  condition.  The  last  traces  of  moisture 
are  best  removed  by  blowing  into  the  ilask  a  stream  of  dry  air, 
through  a  glass  tube  attached  to  the  nozzle  of  a  pair  of  bellows. 
"When  the  flask  is  cold,  wo  weigh  it,  and  thus  obtain  the  weight 
of  the  anhydrous  salt  which  the  solution  contained,  and  from 


this  weight  it  is  easy  to  calculate  the  weight  of  salt  dissolved  by 
100  parts  of  water  at  tlie  given  temperature. 

Let  us  represent  the  weight  of  solution  used  in  our  ex- 
periment hy  W,  and  the  weight  of  dry  salt  obtained  by  W'. 
W  ■ —  W'  is  then  the  weiglit  of  water  which  dissolves  a  weight 
W  of  the  anhydrous  salt.  The  amount  of  salt  which  100  parts 
of  water  will  dissolve  may  then  be  ascertained  by  the  proportion, 
W~W'  :  W^'=100:X,fromwhichweget  X=100  jj?.^^^. 
If  the  salt  contains  water  of  crystaUization,  we  shall  wish  to  cal- 
culate from  the  weight  of  the  anhydrous  residue  the  weight  of 
crystallized  salt  which  100  parts  of  water  dissolved  at  tlie  tem- 
perature of  the  experiment.  Let  us  represent  by  w  the  weight 
of  water  of  crystallization  with  winch  the  weight  W  of  anhy- 
drous salt  combines.  W'  -\-  w  then  evidently  represents  the 
weight  of  crystallized  salt  which  was  dissolved  ia  the  weight  of 
water  W —  (^W  -\-  w).  Hence  we  get  the  proportion,  as  before, 
W—W  —  w:  Tr'  +  w  =  100:  X,andX=:100  -jp^^^^f^, 
the  amount  of  crystallized  salt  which  wiU  dissolve  at  the  given 
temperature  in  100  parts  of  water. 
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Instead  of  evaporating  tlie  solution,  it  is  frequcnQy  more  con- 
venient to  determine  tlie  weight  of  salt  dissolved  by  precipitating 
one  of  its  constituents,  as  in  the  ordinary  method  of  chemical 
analysis.  Thus  the  amount  of  sulphate  of  soda  in  a  solution 
may  be  ascertained  by  precipitating  the  sulphuric  acid  as  sul- 
phate of  baryta,  and  afterwards  collecting  and  weighing  the  pre- 
cipitate in  the  usual  way ;  and  the  same  method  may  be  followed 
with  any  sulphate.  In  like  manner,  the  solubility  of  any  chloride 
in  water  may  be  determined  by  precipitating  the  chlorine  as 
chloride  of  silver.  In  either  case,  from  the  weight  of  the  pre- 
cipitate we  can  easily  calculate,  by  the  rules  of  stochiometry,  the 
weight  of  salt  which  was  in  solution,  whether  in  an  anhydrous  or 
a  crystalline  condition.  "Wlien  a  salt  is  easily  decomposed  by 
heat,  this  chemical  method  of  determining  its  solubility  is  always 
to  be  preferred. 

(197.)  Solution  and  Chemical  Chang'e.  —  Solution  is  gener- 
ally regarded  as  merely  a  mechanical  separation  of  the  particles 
of  a  solid,  wliich  are  diffused  through  the  liquid  solvent.  Thus, 
when  sugai"  dissolves  in  water,  its  particles  are  diffused  through- 
out the  liquid ;  but  they  are  not  supposed  to  midergo  any  essen- 
tial change,  for  the  syrup  retains  the  sweetness  of  the  sugar,  and 
on  evaporation  yields  solid  sugar,  with  all  its  peculiar  properties. 
So  also  a  solution  of  camphor  in  alcohol  partakes  of  the  proper- 
ties of  both  substances,  and  when  evaporated  deposits  the  solid 
camphor  entirely  nnchanged.  Such  a  change  is  supposed  to  be 
entirely  mechanical,  and  to  differ  widely  from  true  chemical  com- 
bination, in  which  the  properties  of  the  combining  substances 
are  entirely  merged  and  lost  in  those  of  the  compound.  Thus, 
when  we  add  lime  to  dilute  nitric  acid,  it  apparently  dissolves, 
as  sugar  dissolves  in  water,  and  the  result  is  a  clear  solution  ;  if, 
however,  we  examine  the  solution,  we  find  tliat  the  properties  of 
lime  have  disappeared,  and  on  evaporating  it  we  obtain,  not  lime, 
but  a  new  substance  called  nitrate  of  lime.  These  examples 
would  seem  to  indicate  that  there  is  a  very  marked  distinction 
between  solution  and  chemical  combination,  and  this  conclusion 
■is  apparently  confirmed  by  the  fact,  that  whereas  chemical  com- 
bination talies  place  most  easily  between  those  substances  which 
are  most  unlike,  solution  generally  occurs  most  readily  when 
tlie  solvent  is  more  or  less  closely  allied  in  its  properties  to 
the  body  dissolved ;  tints  mercury  dissolves  the  metals,  alcohol 
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the  resins,  and  oils  dissolve  the  fats.  But  if,  instead  of  compar- 
ing tliese  extreme  cases,  we  study  the  whole  range  of  clieniical 
phenomena,  we  shall  find  that  the  distinction  between  solution 
and  chemical  combination  is  by  no  means  so  clearly  marked,  and 
that  it  is  impossible  to  say  where  the  one  ends  and  tlie  other  begins. 
In  many  cases,  what  seems  to  be  an  example  of  simple  solution 
can  be  shown  to  be  a  mixed  effect,  at  least,  of  solution  and  chem- 
ical combination ;  and  between  this  condition  of  things,  where  the 
evidence  of  chemical  combination  is  unmistakable,  and  a  simple 
solution  like  that  of  sugar  in  water,  we  have  every  degree  of 
gradation.  To  such  an  extent  is  this  true,  that  the  facts  seem  to 
justify  the  opinion  that  solution  is  in  every  case  a  chemical  com- 
bination of  the  substance  dissolved  with  the  solvent,  and  tliat 
it  differs  from  other  examples  of  chemical  change  only  in  the 
weakness  of  the  combining  force.  There  are  many  remarkable 
phenomena  connected  with  the  solution  of  salts  in  water,  which 
are  probably  caused  by  the  intervention  of  chemical  affinity. 

There  are  but  few  anhydrous  salts  which  dissolve  in  water 
without  entering  into  chemical  combination  with  it ;  in  such 
cases  we  obtain,  not,  jiroperly  speaking,  a  solution  of  the  anhy- 
drous salt,  but  a  solution  of  a  compound  of  the  anhydrous  salt 
and  water.  Thus,  for  example,  if  we  dissolve  anhydrous  sul- 
phate of  soda  in  water,  every  44.2  parts  of  the  salt  combine  with 
55.8  parts  of  water,  and  we  obtain  a  solution,  not  of  Na  0,  SO3, 
but  of  Na  0,  S  Oj  .  10  HO ;  and  on  evaporating  the  solution  at 
the  ordinary  temperature,  crystals  of  the  hydrated  salt  are  do- 
posited.  The  water  which  is  thus  combined  with  the  salt  is 
termed  water  of  crystalhzation.  It  is  combined  in  definite  pro- 
portions, but  is  united  by  so  feeble  an  affinity,  that  it  is  entirely 
driven  off  when  the  crystallized  salt  is  heated  to  33°  in  the  open 
air.  It  is  true  that  it  is  difficult,  and  frequently  impossible,  to 
ascertain  the  condition  in  which  a  salt  exists  when  in  solution, 
and  that  the  condition  in  which  it  is  deposited  on  evaporation 
is  not  necessarily  the  same  as  that  in  winch  it  was  dissolved. 
Even  in  the  case  just  cited,  it  is  impossible  to  determine  with 
certainty  whether  the  hydrated  salt  exists  as  such,  in  solution, 
or  whether  it  is  fii^t  formed  at  the  moment  of  ciystallization. 
Several  facts,  however,  seem  to  support  the  first  hypothesis. 

On  examining  the  curve  of  solubility  of  anhydrous  sulphate 
of  soda  (Fig.  328),  it  will  be  noticed  tliat  tlie  solubility  rapidly 
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increases  with  the  temperature  up  to  33°,  where  it  reaches  its 
maximum,  and  then  diminishes  as  the  temperature  rises  above  this 
point,  Sucli  a  sudden  break  in  the  continuity  of  the  curve  as 
this  is  inexphcable,  at  least  with  our  present  knowledge,  if  we 
suppose  that  the  water  holds  in  solution  one  and  the  same  body 
tJiroughout  the  whole  range  of  temperature ;  ■while  it  is  easily- 
explained,  if  we  assume  that  the  composition  of  the  salt  in  solu- 
tion changes  with  the  temperature  ;  —  for  if,  as  would  naturally 
be  the  case,  the  solubility  of  the  salt  is  different  in  its  hydrated 


mpism 


and  its  anhydrous  conditions,  the  sudden  change  in  its  solubility 
may  be  caused  by  a  change  of  composition  commencing  at  a  par- 
ticular point.  That  tliis  is  the  case  with  sulphate  of  soda  is 
substantiated  by  the  fact,  that  the  sudden  change  in  the  law  of 
its  solubility  takes  place  at  33°,  the  temperature  at  which  tlie 
hydrated  salt  loses  its  water  in  tlie  air.  It  is  not  supposed,  how- 
ever, that  the  change  of  composition  is  completed  at  that  tem- 
perature, but  only  that  it  commences  at  that  point,  and  becomes 
more  complete  as  the  temperature  rises.  Below  33°,  the  change 
of  solubility  is  owing  to  the  natural  effect  of  heat  in  increasing 
the  solubility  of  the  hydrated  salt.  Above  33°,  the  change  is 
a  mixed  effect  of  the  cause  just  mentioned  and  of  the  change  of 
the  hydrated  into  the  less  soluble  anhydrous  salt. 

It  is  obvious,  from  what  has  been  stated,  that  the  curve  of 
solubility  of  anhydrous  sulphate  of  soda  given  iu  Fig.  328  is  a 
32 
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pure  fiction,  since  below  SB"  it  is  XaO,  SO,  .  10  HO,  and  not 
NaO,  SO3,  which  is  in  sohitiou  ;  and  the  same  is  true  also  of  sul- 
phate of  magnesia  and  chloride  of  barium,  both  of  which  form 
crystalline  compounds  in  water.  Indeed,  in  order  that  such  a 
curve  should  be  a  representation  of  actual  facts,  it  is  essential 
to  know  in  what  condition  the  salt  exists  in  solution  at  each  tem- 
perature, and  to  calculate  tlie  solubility  solely  for  the  hydrate 
which  is  known  to  be  present.  A  separate  curve  should  then  be 
constructed  for  each  definite  compound,  between  the  limits  of 
temperature  at  whicli  it  is  known  to  exist.  This  has  been  done 
in  the  case  of  sulphate  of  soda,  by  Loewel,*  who  has  determined 
separately  the  solubility  of  the  three  compounds  NaO,  SO3, 
Na  0,  SO3  .  7  HO,  and  Na  0,  SO3  .  10  HO,  between  the  limits  of 
temperature  at  which  they  are  capable  of  existing.  His  numer- 
ical results  are  given  in  the  table  on  page  375,t  and  from  tlicin 
the  curve  may  easily  be  drawn. 

In  the  case  of  tlie  two  hydrates,  the  table  gives  in  each  in- 
stance the  amount  of  anhydrous  salt  corresponding  to  the  hydrate 
dissolved,  and  by  comparing  the  three  columns  headed  "  anhy- 
drous salt,"  it  will  be  seen  that  the  amount  of  NaO,  SO3  which 
100  parts  of  water  will  dissolve  at  20°,  for  example,  varies  very 
considerably  with  the  condition  of  hydration  in  which  it  exists. 
It  will  also  be  noticed,  that  tlie  change  of  solubility  for  each  com- 
pound follows  a  uniform  law  throughout ;  the  solubility  increas- 
ing with  the  temperature  in  the  case  of  the  two  hydrates,  and 
diminishing  with  the  temperature  in  that  of  the  anhydrous  salt. 
It  is  the  combination  of  these  two  phenomena  which  causes  the 
seeming  irregularity  in  the  curve  of  anhydrous  sulphate  of  soda, 
as  determined  by  Gay-Lussac,  and  represented  in  the  figure  above. 
Similar  irregularities,  which  have  been  observed  in  seleniate  of 
soda,  carbonate  of  soda,  and  many  other  salts,  are  probably  to  be 
explained  in  the  same  way,  although  the  subject  has  not  been 
as  yet  sufficiently  investigated  to  furnish  the  data  for  a  satisfac- 
tory conclusion  in  all  cases. 

Loewel,  whose  memoirs  on  the  solubility  of  sulphate  of  soda 
we  have  just  cited,  has  investigated  with  equal  care  the  sohibil- 
ity  of  a  few  other  salts.J     In  the  case  botli  of  carbonate  of  soda 

*  Annalps  da  Cliimie  et  (le  Physique,  Tom.  XXIX-  p,  G2  ;  Tom.  XXXIII.  p.  334. 

t  H'irt.,  Tom.  XLIX.  p,  32. 

t  Ibid,,  Tom.  XXXIII.  p.  334  ;   Tom.  XLIII,  p.  lOJ  ;   Tom.  XLIV,  p.  313. 
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and  s\ilphato  of  magnesia,  he  found,  very  remarkably,  that  the 
solubility  not  only  differed  for  the  different  hydrates,  hut  also 
was  different  for  tlie  different  states  of  the  same  hydrate.  Thus 
the  salt  NaO,  COj .  7  HO  cau  be  obtained  in  two  different  con- 
ditions or  allotropic  modifications,  which  we  may  distinguish  as 
a  and  6,  the  salt  a  crystallizing  in  rhombohedrons,  the  salt  b  in 
tabular  prisms.  Loewel  observed  that  the  solubility  of  the  salt 
was  very  different  in  these  two  modifications,  that  of  a  being  nearly 
twice  as  great  as  that  of  b.  The  table  on  page  377,  which  has 
been  taken  from  the  original  memoir,*  gives  the  solubility  at  dif- 
ferent temperatures,  not  only  of  these  two  modifications,  but  also 
of  the  ordinary  crystallized  carbonate  of  soda,  which  contains 
ten  equivalents  of  water  of  crystallization.  In  the  case  of  each 
salt,  the  corresponding  amounts  of  anhydrous  salt  are  given  for 
the  sake  of  comparison. 

This  table  illustrates  even  in  a  more  marked  manner  than  the 
last  the  fact  on  which  we  have  insisted  so  strongly  in  tins  section, 
tliat  the  solubility  of  a  salt  varies  not  only  with  the  temperature, 
but  also  with  its  state  of  hydration ;  and  it  illustrates  an  addition- 
al fact,  that  the  solubility  may  also  be  altered  by  a  mere  change 
of  molecular  condition,  without  any  change  in  composition.  Phe- 
nomena analogous  to  those  just  described  were  also  observed  by 
Loewcl  in  the  case  of  sulphate  of  magnesia,  but  for  the  details  in 
regard  to  them  we  must  refer  to  the  original  memoir.f 

(198.)  Supersaiwrated  Solutions.  —  Water  is  said  to  be  su- 
persaturated when  it  contains  in  soliition  more  of  a  salt  than  it 
would  dissolve  if  presented  to  the  salt  at  the  given  temperature. 
That  saturated  solutions  do  not  at  once  deposit  the  excess  of  salt 
which  they  hold  in  solution,  when  cooled  to  a  lower  temperature, 
is  a  fact  familiar  to  every  one  who  has  experimented  on  this  sub- 
ject ;  but  there  can  be  also  no  doubt  that  tlie  prominent  exam- 
ples, which  are  frequently  cited  as  illustrations  of  this  fact,  are 
to  be  referred  to  the  intervention  of  the  force  of  chemical  affinity 
in  a  manner  similar  to  that  explained  in  the  last  section. 

If  wo  prepare  a  boiling  saturated  solution  of  sulphate  of  soda 
in  a  glass  flask,  and,  having  corked  the  flask  while  the  solution  is 
boiling,  allow  it  to  cool  to  the  temperature  of  the  air,  it  may  bo 

le Physique,  Tom.  XXXIII.  ji.  331. 
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kept  for  months  without  crystallizing ;  biit  the  moment  a  glass 
rod  or  a  crystal  of  Glauber's  salt  is  dipped  into  it,  tlie  whole  mass 
becomes  serai-solid  from  the  sudden  formation  of  crystals,  which 
ray  out  from  the  solid  nucleus  in  every  direction.  This  singular 
phenomenon  was  formerly  supposed  to  be  similar  to  what  is  fre- 
quently observed  during  the  freezing  of  water  and  the  solidify- 
ing of  monohydrated  acetic  acid,  melted  phosphorus,  and  many 
other  substances.  It  is  well  known  that  these  liquids,  if  kept 
perfectly  still,  may  be  cooled  several  degrees  below  the  melting 
point  without  losing  their  liquid  condition,  but  that  if  disturbed 
when  m  this  state,  they  at  once  become  solid.  These  phenomena 
have  been  referred  to  the  momentum  of  the  particles,  which  tends 
to  retain  the  substance  in  a  liquid  condition  below  the  usual 
temperature,  and  the  same  explanation  has  been  extended  to  the 
sudden  crystallization  of  sulptiate  of  soda,  as  above  described. 

Loewel,  in  the  memoir  already  referred  to,*  has  investigated 
this  subject  witli  great  care.  He  found  that,  if  a  supersatu- 
rated solution  of  sulphate  of  soda  is  cooled  to  a  low  temperar 
ture,  it  deposits  ciystals  containing  seven  equivalents  of  water, 
which  are  much  more  soluble  than  the  ordinary  crystals  of 
Glauber's  saltf  (Na  0,  SO, .  10  HO).  From  this  fact  he  con- 
cluded that  tlie  so-called  supersaturated  solution  is  not  a  super- 
saturated  solution  of  Glauber's  salt,  but  merely  a  saturated  solu- 
tion of  the  more  soluble  hydrate  (Na  0,  SO^  .  7  HO).  That  the 
solution  is  not  at  all  changed  by  the  deposition  of  the  crystals 
Na  0,  SOa .  7  HO,  is  proved  by  the  fact,  that,  if  it  is  exposed  to 
the  air  or  touched  by  a  glass  rod,  it  becomes  siiddenly  semi-solid 
from  the  deposition  of  Glauber's  salt.  These,  and  a  large  number 
of  additional  facts  which  Loewel  %  has  observed,  all  tend  to  sup- 

*  Annales  do  Chimie  ct  do  Physiqne,  Tom.  XXIS.  p.  62. 

t  See  table  on  page  375. 

)  In  a  more  recent  memoir,  Loewel  inclines  to  the  opinion,  that  sulphate  of  Poda 
always  dissolves  in  water  as  an  anhydrous  salt,  and  hence  that  in  a  solution  made 
with  Na  0,  SOa  .  10  HO,  or  Hb  0,  SOa  .  7  HO,  none  of  the  water  is  combined  ehemi- 
cally  with  the  salt  as  water  of  orystalliiation.  Such  a  change  of  views  does  not,  how- 
ever, Beeni  lo  be  a  ncceeaary  inffcrenee  from  the  faots  cited,  and,  as  lie  admits,  the  new 
hypothesis  leaves  the  unequal  solubilitiesof  the  different  hydrates  entirely  unexphiined. 
The  author,  therefore,  does  not  think  it  necessary  to  change  the  opinion  expressed 
above  in  the  lest,  although  it  is  true  that  these  later  investiHations  of  Loewel  seem  to 
show  that  at  certain  temperatures  snlphate  of  soda  exists  in  the  so-culled  supersaturated 
Bolutions  in  an  anhydrons  condition.  See  Annales  de  Chimie  etde  Physique,  (3*  Si?rie,) 
Tom.  XXIX.  p.  32,  and  compare  Jahrosberieht  det  Chimie,  &c,  fiir  1857,  S.  321.  See 
also  aa  article  by  Dr.  Hugo  Schiff',  Ana.  der  Chem.  und  Fhann.,  Band  CXI.  S.  68. 
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port  the  eoncUisioii,  tliat  in  the  HO-callcd  supersaturated  solution 
of  sulphate  of  soda  the  salt  exists  in  solution  combined  with 
seven  equivalents  of  water,  and  does  not  crystallize  until  some 
circumstance  causes  it  to  combine  with  three  equivalents  more  of 
water,  and  to  change  into  the  leas  soluhle  compound  which  we 
have  called  Glauber's  salt.  What  the  circumstances  are  which 
produce  this  singular  change,  or  in  what  way  they  act,  we  do 
not  yet  fully  understand.  Some  very  remarkable  facts  in  con- 
nection with  it  have  been  noticed  by  Loewel  and  others.  Thus 
a  glass  rod,  if  heated  and  afterwards  cooled,  loses  its  power  of 
causing  the  crystallization.  Alcohol,  if  poured  into  the  flask  so 
as  to  form  a  layer  over  the  solution,  generally  causes  it  to  crys- 
tallize ;  but  if  previously  boiled,  it  no  longer  produces  this  effect. 
It  slowly,  however,  withdraws  tlie  water  from  the  solution,  and 
causes  it  to  deposit  crystals  of  Na  0,  SO, .  7  HO ;  and  it  was  in 
this  way  that  Loewel  obtained  the  largest  and  purest  crystals  of 
this  hydrate.  The  opinion  has  been  advanced  by  Lieben,*  that 
it  is  the  dust  floating  in  the  air,  or  adhering  to  the  glass  rod, 
which  causes  the  sudden  crystallization  of  supersaturated  solu- 
tion ;  and  he  has  endeavored  to  show  that  neither  the  air  nor  a 
solid  body  will  produce  tlie  effect  after  they  have  been  freed  from 
dust,  by  heating,  by  washing  with  sulphuric  acid,  or  by  any 
other  means.  This  theory,  although  ingenious,  and  supported 
by  experiment,  does  not  meet  all  the  facts  of  the  case,  and  the 
subject  requires  further  investigation. 

The  phenomena  of  "  supersaturated "  solutions,  which  are 
so  marked  in  the  case  of  Glauber's  salt,  have  also  been  noticed  in 
tlie  case  of  carbonate  of  soda,  of  sulphate  of  magnesia,  of  acetate 
of  soda,  of  chloride  of  calcium,  and  of  many  other  salts-t  In  some 
of  these  cases,  they  are  to  be  explained  as  in  the  case  of  Glauber's 
salts,  by  the  formation  of  a  hydrate  more  soluble  than  the  one 
dissolved,  while  in  others  they  may  be  caused  by  the  formation 
of  a  more  soluble  modification  of  tlie  same  hydrate ;  but  the 
whole  subject  is  still  involved  in  great  obscurity. 

Solids  on  Gases. 
(199.)     Absorption  of  Gases  by  Porous  Solids. — If  apiece 
of  well-burnt  boxwood  charcoal  is  plunged  while  red-hot  under 
mercuiy,  and  when  cold  passed  up  into  a  jar  of  gas  confined  over 

*  Wion.  Acad.  Bei-.,  XII.  771  and  1037. 
t  See  Ihe  memoirs  of  Loewel,  jnsc  cited. 
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tlio  same  liquid,  it  wlil  be  foand  to  absorb  the  gas  to  a  greater 
or  less  extent,  varying  with  tlie  nature  of  the  gas  xised.  Accord- 
ing to  Sauasure's  experiments,  one  cubic  centimetre  of  charcoal 
will  absorb  the  immber  of  cubic  centimetres  of  the  different  gases 
given  ill  the  following  table :  — 

Absorption  of  Gases  hj    Oliarcoal. 


Ammonia, 

.     90  aTmP 

Okfiant  Gas, 

Chlorohydric  Acid,      . 

85     " 

Carbonic  Oxide 

Sulphurous  Acid,    . 

.     65     « 

Oxygen,     . 

Sulphide  of  Hydrogen, 

55     " 

Nilrogen, 

Protoxide  of  Mitrogen, 

.     40     " 

Marsh  Gas, 

Carbonic  Add,    . 

35     " 

Hjdrogea,      . 

In  some  cases  the  volume  of  the  gases  thus  condensed  is  less 
than  that  which  they  would  occupy  in  a  liquid  state,  and  as 
a  general  rule,  the  more  readily  a  gas  can  be  condensed  to  a 
liquid,  the  greater  is  tiie  volume  absorbed  by  the  charcoal.  It 
will  also  be  noticed,  that  the  above  results  follow  very  noai-ly  the 
same  order  as  the  solubility  of  the  gases  in  water. 

A  piece  of  freslily  bunit  charcoal,  if  exposed  to  the  air,  con- 
denses the  gases  and  moisture  of  the  atmosphere  to  such  an 
extent,  that  its  weight  frequently  increases  one  fifth  in  a  few  days. 
The  presence  of  condensed  air  in  common  wood  charcoal  can 
easily  be  made  evident  by  plunging  it  under  hot  water.  The 
heat  of  tho  water  expands  the  confined  air,  which  is  thus  driven 
out  of  the  pores  of  the  wood,  and  bubbles  up  through  tlio  water. 
Owing  to  this  absorbing  power  of  charcoal,  water  saturated  with 
many  gases  may  be  freed  from  them  by  filtering  it  through  ivory- 
black.  Water  impregnated  with  sulphide  of  hydrogen  may  be 
in  tliis  way  so  perfectly  purified,  that  its  presence  cannot  be  de- 
tected either  by  the  nauseous  odor  or  by  the  ordinary  tests. 

This  power  of  absorbing  gases  is  not  confined  to  charcoal,  but 
belongs  in  a  greater  or  less  degree  to  other  porous  solids.  The 
following  table  gives  the  number  of  cubic  centimetres  of  different 
gases  absorbed  respectively  by  one  cubic  centimetre  of  Meer- 
schaum, plaster  of  Paris,  and  silk,  when  the  temperature  is  15° 
and  the  pressure  of  the  air  73  c.  m.  By  comparing  this  table 
with  the  last,  it  will  be  noticed  that  not  only  the  absolute  quan- 
tities of  the  gases  absorbed  are  different  for  different  solids,  but 
also  that  the  relative  power  of  absorption  of  these  solids  for  the 
different  gases  is  different  in  every  case. 
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Absorption  of  Gases  hj  Meerschaum,  Plaster  of  Paris,  and  SiVc. 

Meerschaum.  I'liisler  of  Paris.                   Silk. 

Ammonia,  1  o.       cTm.^  78.1     c.  in." 

Protoxide  of  Nitrogen,  3.75     " 

Carbonic  Ada,               5.2G     "  0.43  cTtq-.^             1.1       " 
Oxide  of  Cai-bon,            1.17     "                                             0.3       " 

Oxygen,                          1.49     "  0.58     "                 0.44     " 

Nitrogen,                         l.GO     "  0.-53     "                 O.ia     " 

Hydrogen,                         .44     "  0.50     "                 0.3       " 

la  like  manner  the  metals  in  the  state  of  fine  powder,  lead, 
iron,  and  platinnm,  for  example,  absorb  gases  in  very  large 
amounts.  The  finely  divided  platinum  called  platinum-black, 
which  is  obtained  by  precipitating  a  solution  of  chloride  of  plati- 
num with  alcohol,  absorbs,  according  to  Doebereiner,  250  times 
its  own  volume  of  osygen.  The  latent  heat  whicli  is  set  free  by 
this  great  condensation  is  Bufficient  to  ignite  the  metallic  mass. 
Platinum  sponge,  and  even  platinum  plate,  possess  the  same  power, 
although  to  a  less  degree,  and  it  is  probable  that  all  solid  surfaces 
exert  a  similar  influence  to  a  limited  extent. 

The  absorption  of  gases  by  solids  is  very  greatly  infliienced 
both  by  the  temperature  and  tlie  pressure  to  which  they  are 
exposed.  The  higher  the  temperature,  the  smaller  is  the  amount 
of  gas  absorbed,  and  the  most  efficient  means  of  expelling  the 
gas  from  a  porous  solid  is  to  expose  it  to  a  red  heat.  It  is  how- 
ever uncertain  whether  even  hi  this  way  we  can  remove  all  tlie 
gas  condensed  on  the  surfaces  of  solid  substances,  and  at  all 
events  to  do  this  reqiiires  a  considerable  time.  Charcoal  and 
other  porous  solids  absorb  the  largest  amount  of  gas  only  after 
a  prolonged  ignition  in  a  vacuiun.  In  filling  a  barometer  tube 
the  mercury  is  boiled  in  the  tube  in  order  to  remove  the  air 
and  moisture,  not  only  from  the  mercmy,  but  also  from  tlie 
surface  of  the  glass. 

The  greater  tlie  pressure  to  which  a  gas  is  exposed,  the  great- 
er is  tlie  quantity  which  is  absorbed  by  a  solid ;  but  then  tlie 
quantity  does  not  increase  so  rapidly  as  the  pressure.  On  the 
other  hand,  under  a  diminished  pressure  a  solid  body  absorbs 
a  less  qxiantity  of  gas,  but  a  greater  volume.  Hence  it  is  not 
.possible  by  means  of  an  air-pump  to  remove  all  the  air  from 
a  porous  sohd. 

If  a  porous  body,  wliich  is  saturated  wiili  one  gus,  is  put  into 
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a  different  gas,  it  gives  up  a  portion  of  tlie  giis  wliicli  it  liad 
first  absorbed,  and  takes  in  its  place  a  quantity  of  the  second. 
Sometimes  .tlic  presence  of  one  gas  increases  tbe  power  of  a 
solid  for  absorbing  a  second.  Thus  charcoal  saturated  -with 
oxygen  will  absorb  more  hydrogen,  and  charcoal  saturated  witli 
hydrogen  will  absorb  more  nitrogen,  than  it  would  if  the  other 
gas  was  not  present.  But  as  a  general  rule,  the  presence  of 
one  gas  diminishes  the  power  of  a  solid  for  absorbing  others. 
Thus  charcoal,  which  after  ignition  will  absorb  tliirty-five  times 
its  Tolumc  of  carbonic  acid,  will  only  absorb  about  fifteen  times 
its  vohimo  if  it  has  been  previously  exposed  to  the  atmosphere, 
and  thus  saturated  with  air  and  moisture. 

From  the  analogous  constitution  of  liquids  and  gases,  wo 
should  naturally  expect  that  solids  would  act  on  these  two 
forms  of  fluid  matter  in  an  analogous  way.  The  same  adhesive 
force  which  attracts  liquids  to  the  surfaces  of  solids  we  shoidd  ex- 
pect would  also  attract  gases ;  and,  moreover,  since  gases  are 
very  compressible,  we  should  further  expect  that  the  adhesion 
would  condense  the  gas  upon  the  surface  in  proportion  to  the 
strength  of  the  attraction.  Moreover,  as  in  the  case  of  liqiiids, 
we  should  expect  that  the  amount  of  gas  adhering  to  t)io  sur- 
face or  absorbed  into  the  pores  of  a  solid  would  vary  with  the 
nature  both  of  the  solid  and  of  the  gas,  with  the  exi«nt  of  the 
s-iirface,  with  tbe  fineness  of  the  pores,  and,  lastly,  with  the  tem- 
perature, becoming  less  as  the  temperature  rose. 

The  phenomena  just  described,  it  wiU  bo  ot  ced  c  nc  le 
perfectly,  as  far  as  they  go,  with  tliese  natiiral  ferences  tl  s 
showing  that  they  are  merely  phases  of  adhes  o  a  1  caj  llary 
action.      The  force  of  siirface  attraction,  and  1  e  c    tl  e  a  t 

of  gas  absorbed,  varies  even  more  markedly  tl  the        e  of 

liquids,  both  with  the  nature  of  the  solid  and  tl  at  of  tl  c  ^i 
It  varies  also  with  the  extent  of  the  surface;  anl  otl  tl  gs 
being  equal,  it  is  greatest  with  porous  bodies  or  fi  e  powders  vl  1 
.expose  the  greatest  surface ;  finally  heat,  which  lessens  the  at- 
tractive force,  diminishes  the  amount  of  gas  absorbed  by  a  solid, 
as  it  does  the  amount  of  liquid.  There  are,  it  is  true,  phenomena 
coimected  with  the  adhesion  of  gases  to  solids  which  liquids  do 
not  present,  but  these  are  such  as  may  be  supposed  to  arise 
from  the  special  law  of  compressibility,  which  all  gases  obey. 

The  phenomena  described  in  this  section,  like  those  botli  of 
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capillarity  and  soliitiou,  are  greatly  iiifiiicnced,  it  will  lie  noticed, 
by  the  eliemical  nature  of  the  bodies  concerned,  and  in  fact 
pass  i)y  insensible  gradations  into  tliose  which  wo  shoiild  clasa 
among  purely  chemical  changes.  Like  most  phenomena  which 
occupy  tlie  debatable  ground  between  chemistry  and  physics, 
they  present  great  complexity,  and  ai-e  difficult  to  investigate, 
so  that  our  knowledge  in  regard  to  them  is  exceedingly  in- 
complete.* 

There  are  many  phenomena  besides  those  of  absorption  which 
are  connected  with  the  adhesion  of  gases  to  solids.  The  fact 
that  iron  filings,  and  many  other  iinc  powders,  sifted  over  the 
surface  of  water,  will  float,  though  very  much  heavier  than  the 
liquid,  lias  already  been  mentioned.  This  was  then  explained 
by  tlie  principles  of  capillary  action.  The  water  is  prevented 
from  wetting  the  solid,  and  therefore  forms  around  the  particles 
a  concave  meniscus  which  buoys  them  up.  But  it  is  solely  tlie 
tliin  film  of  air  adhering  to  these  particles  wliich  prevents  them 
from  becoming  wet,  when  they  would  at  once  sink.  The  same 
is  true  also  of  the  platinum  wire  floating  on  mercui-y,  and  of 
other  seemingly  paradoxical  phenomena.  In  all  cases,  if  the 
liquid  is  boiled,  the  film  of  air  is  removed  and  the  paradox 
disappears. 

Liquids  OH  Liq-uids. 
(200.)  Liquid  Diffusion.  —  As  a  general  rule,  the  adhesion 
between  the  particles  of  different  liquids  is  so  mueli  greater  than 
the  cohesion  between  their  own  molecules,  that  tliey  may  be  mixed 
togetlier  in  any  proportion.  This  is  not,  however,  always  the 
case ;  for  after  tlie  liquids  have  been  mixed  to  a  limited  extent, 
tlie  cohesion  may  balance  tlie  adhesion,  and  the  liquids  will  then 
be  mutually  saturated.  Thus  ether  and  water  cannot  be  mixed 
indefinitely,  and  if  shaken  up  together,  they  will  separate  in  a 
great  measure  on  being  allowed  to  stand,  the  water  dissolving 
only  abciut  one  eightli  or  one  tenth  of  its  bulk  of  ether,  and 
tlie  ether  dissolving  about  the  same  amount  of  water.  So  also 
the  volatile  oils,  if  shaken  up  with  water,  sepiyate  from  it  al- 
most entu:ely  if  tlio  mixture  is  allowed  to  stand,  although  the 
water  retains  in  solution  a  sufficient  amount  to  acquire  the 
flavor  and  odor  of  the  essence. 

'  Seo  a  reccat  jiaper  by  QiiiHcke,  Pofrg.  Ann.,  OVIIl.  326. 
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The  tendency  of  liqiiids  to  mix  -with  each  other  has  been 
termed  liquid  diffusion,  and  can  be  made  evident  by  a  simple 
experiment.  A  tall  glass  jar  is  about  two  thirds  filled  witli  a 
solution  of  blue  litmus,  and  then,  by  means  of  a  tube  funnel 
reaching  to  tlie  bottom,  oil  of  vitriol  is  cautiously  poured  in,  so 
as  to  occupy  tiie  lower  portion  of  the  jai\  The  plane  of  sepai-a- 
tion  of  the  two  liquids  nvili  be  at  first  distinctly  marked.  But 
this  will  soon  disappear :  the  colored  water  will  sink,  and  the 
aeid  will  rise,  until  the  two  liquids  have  become  perfectly  mcor- 
porated.  This  will  requii-e,  however,  two  or  three  days,  and,  if 
vatel  d  at  tu  vaL>  tl  e  progre  t,  of  the  diffusion  may  be  traced 
I  y  tl  6  g  ad  al  1  ai  ^e  of  olor  tl  e  water  from  blue  to  red, 
CO  n  ue  c  g  at  the  1  ottom  ad  lo  ly  progressuig  towards  the 
top  A  s  dar  expe  i  t  ci  be  lade  witli  alcohol,  or  with 
br  ne  a  1  wat  al  o  w  tl  o  1  of  t  irpentine  and  alcohol,  and 
indeed  with  almost  any  two  liquids  which  differ  considerably  in 
their  specific  gravities.  By  coloring  one  of  the  liquids,  the  pro- 
cess may  bo  readily  traced. 

(201  )  Expetimejits  of  P  o/essor  Craham  —The  subject  of 
liquid  diffusion  has  been  investigate  1  with  care  in  legard  to  sa- 
line solutionb  and  we  are  chiefly  indebted  to  Piofessor  Gi-aliam 
of  London  for  our  tiowlelge  on  the  subject  His  experiments 
weie  made  with  a  veiy  simple  appaiatus  It  coi  sisted  of  a  set 
of  1 1  Ills  ol  neaily  eq  lal  capacity  cast  in  tlie  same  mould,  and 
fuithei  adjusti^d  bj  giinding  t<  a  iimfoim  ize  of  ipeiture.  The 
pluals  -wtie  3  8  inches  high  with  a  neck 
0  5  inch  m  depth  ai  d  apeiture  1.25  inch 
w  de  cipacity  to  bise  ot  neck  equal  to 
_0  SO  plains  ot  wat  i  or  baisuen  4  and  5 
o  mo  s  For  each  diffii  ion  pi  ial  a  plain 
gliss  watei  jar  wis  also  provided,  4  inches 
in  diameter  and  7  mches  deep."*  (Fig. 
329) 

The  diffusio  i  phial  was  m  the  first  place 
fllle  \  witl  the  s  \\  ne  sol  itic  n  to  the  base  of 
Hg  329  ^\^Q  jjgck    01    more   iccuitplv    to  a  level 

exactly  half  an  inch  below  the  giound  s  uface  of  the  lip.     The 
neck  was  then  filled  with  di  tilled  watci    and  a  light  float 

#  &    h  m    Elencnt   of  th  11       'W         "^  ol  11  p.  601. 
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placed  Upon  the  surface.  Thus  prepared,  tlie  pliial  was  trans- 
fen-ed  to  the  jar,  which  was  then  filled  with  water  to  the  height 
of  an  inch  above  the  mouth  of  the  phial,  which  was  opened  by 
the  floating  of  the  cover.  This  required  about  20  ounces  of 
water.  Tlie  apparatus  was  then  left  undisturbed,  and  kept  at  a 
constant  temperature  for  several  days.  At  the  end  of  the  re- 
quh'ed  time,  flie  diffusion  was  interrupted  by  closing  tlie  mouth 
of  the  phial  with  a  ground^lass  plate,  and  tlie  amount  of  salt 
diffused  ascertained,  by  evaporating  the  water  in  tlie  jar  to  dry- 
ness, and  weighing  the  residue. 

From  these  experiments,  and  a  number  of  others  made  in  a 
similar  manner,  the  following  important  conclusions  have  been 
deduced. 

1.  "With  solutions  of  tlie  same  substance,  but  of  different 
strengths,  the  quantity  of  salt  diffused  in  equal  times  is  propor- 
tioned to  the  quantity  in  solution.  For  example,  four  solutions 
of  common  salt  were  prepared,  containing,  respectively,  1,  2,  8, 
and  4  parts  of  salt  to  100  of  water.  The  experiments  continued 
for  eight  days,  and  tlie  quantities  diffused  were  respectively  2.78 
grains,  5.54  grains,  8.37  grains,  and  11.11  grains.  These  num- 
bers are  almost  exa-ctly  proportional  to  the  first. 

2,  With  solutions  of  different  substances  of  the  same  etrengtii, 
the  quajitity  diffused  varies  with  the  chemical  nature  of  tlie  sub- 
stance. Tliis  is  shown  by  tlie  following  table,  which  gives  the 
weight  in  grains  of  the  substance  diffused  in  eight  days,  from 
solutions  containing,  m  each  case,  20  parts  of  the  solid  dis- 
solved in  100  pai'ts  of  water,  and  exposed  to  a  temperature 
of  60°.5  F. 


I  of  Solids  in  Solution. 

Bp.  Qr.  a*  60o  F.  Weigbt  in  Oraios  aiBu 


Sulphate  of  Magnesia, 

1.1S5 

27.42 

Chloride  of  Sodium, 

1.126 

58.68 

Nitrate  of  Soda, 

1.120 

51.56 

Oil  of  Vitriol, 

1.108 

69.32 

Sugar-Candy, 

1.070 

26.7* 

Barley  Sugar, 

1.066 

26.21 

Starch  Sugar, 

1.061 

26.94 

Gum  Arabic, 

1.060 

13.24 

Albumen, 

1.053 

3.08 
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TIio  substances  liavo  been  arranged  in  the  ordor  of  the  specific 
gravities  of  tlie  solution,  and  tlie  table  also  shows  that  there  is 
no  apparent  counectioii  between  the  amount  of  diffusion  aud  tlie 
specific  gravity  of  the  solution. 

8.  If,  instead  of  comparing  togetlier,  as  in  tlie  last  table,  tlie 
amounts  of  different  substances  difiiised  in  equal  times,  vre  com- 
pare together  the  times  requked  for  the  equal  diffusion  of  these 
same  substances,  we  discover  some  remarkable  numerical  rela- 
tions. There  exist  classes  of  equi-diffusive  substances,  aud,  as  a 
general  rule,  those  substances  which  have  an  analogous  chemical 
composition,  and  crystallize  in  closely  alKed  forms,  have  equal 
rates  of  diffusion.  Several  such  groups  have  been  distinguished, 
and  the  rate  of  diffusion  in  each  gi'oup  is  connected  with  the  rate 
of  diffusion  in  the  other  gixiups  by  a  simple  numerical  relation, 
as  is  shown  in  the  following  table.  Tlie  first  column  gives  the 
number  of  the  group,  with  the  name  of  the  most  characteristic 
substance  belonging  to  it.  The  second  gives  the  relative  diffu- 
sion of  these  substances  in  equal  times,  in  other  words,  the  rate 
of  diffusion.  The  third  gives  tlie  times  of  equal  diffusion ;  and 
the  fourth,  the  squares  of  tliese  times,  wliich  stand  to  each  other 
very  nearly  m  the  simple  relation  expressed  in  tlie  last  column. 

flionps.  ■"'^'^  °^         i:irafs  of  Bijnsl        Squares  ^^^^ 

1.  Chlorohydnc  Acid,  1.000  3.960  15.682  2 

2.  Hydrate  of  Potash,  0.800  4.930  24.502  3 

3.  Nitrate  of  Potash,  0.565  7.000  49.000  6 

4.  Nitrate  of  Soda,  0.462  8.573  73.496  9 

5.  Sulphate  of  Potash,  0.400  9.900  98.010  12 

6.  Sulphate  of  Soda,  0.326  12.125  147.015  18 

7.  Sulphate  of  Magnesia,  0.200  19.800  392.040  48 

4.  The  rate  of  diffusion  increases  with  tlie  temperature,  but 
increases  in  an  equal  proportion  for  all  substances,  so  that  the 
ratio  between  the  diffusion  of  different  bodies  is  the  same  for  all 
temperatures. 

5.  If  two  substances,  which  do  not  combine  chemically  and 
have  different  rates  of  diffusion,  are  placed  in  the  diffusion-phial, 
they  may  be  partially  separated  by  the  process  of  diffusion,  since 
the  more  diffusible  passes  out  the  most  rapidly,  although  the 
relative  rate  of  diffusion  may  be  somewhat  changed. 

Chemical  decomposition  may  be  even  effected  in  this  way,  one 
ingredient  of  the  compound  diffusing  more  rapidly  than  tlie  otlicr. 
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From  a  solution  of  bisulpliate  of  potash  saturated  at  20°  C  ,  there 
■B^ere  diffused  in  fifty  days  31,8  parts  of  bisulphate  of  potasli,  and 
12.8  parts  of  hydrated  sulphuric  acid.  From  a  solution  of  8 
parte  of  anhydrous  alum  in  100  parts  of  water  there  were  dif- 
fused in  eight  days,  at  17°.9  C,  5.3  parts  of  alum  and  2.2  parts  of 
sulphate  of  potash  ;  and  other  similar  examples  might  to  cited." 

6.  The  diffusion  of  a  salt  into  the  solution  of  another  salt 
takes  place  with  nearly  the  same  velocity  as  into  pure  water,  at 
least  when  the  solutions  are  dilute.  Here,  as  in  all  experiments 
on  liquid  diffusion,  uniformity  of  action  takes  place  only  in  dilute 
solution.  As  tlie  sohition  becomes  saturated,  the  cohesion  of  the 
particles  of  the  solid  appears  to  introduce  irregularities. 

7.  "  The  velocity  with  which  a  soluble  salt  diffuses  from  a 
stronger  into  a  weaker  solution,  is  proportional  to  the  difference 
of  concentration  between  two  contiguous  strata,"  This  law  has 
been  experimentally  demonstrated  by  Fick  in  the  case  of  chlo 
ride  of  sodium,  but  it  cannot  as  yet  be  regarded  as  completely 
established  .f 

(202.)  Osmose.  —  When  two  liquidi 
porous  diaphragm,  diffusion  may  still 
take  place,  although  the  phenomena 
are  modified  in  a  remarkable  manner 
by  the  presence  of  the  septum.  This 
is  best  illustrated  by  means  of  the 
apparatus  called  an  osmometer,  Jt 
may  be  constructed  in  various  ways, 
but  as  represented  in  Fig.  330  it  con- 
sists of  a  membranous  bag  or  bladder 
opening  into  a  glass  tube,  to  which  it 
is  fastened  hermetically.  The  bladder 
is  filled  with  a  concentrated  solution 
of  common  salt,  and  suspended  in  a 
jar  filled  with  pure  water.  Since  the 
animal  membrane  is  readily  penetrate  _^ 
ed  by  the  water,  it  is  evident  that  _ 
the  water  on  the  one  side,  and  tlio 
salt  solution  on  the  other,  must  be  in 
direct  contact,  and  hence  a  diffusion  of 


separated   by  a 


*  Graham's  Clieiiiisu-j,  Vol.  II.  p.  GU. 
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the  Bait  nmst  take  place,  following  the  laws  of  liquid  diffusion 
enunciated  in  the  last  section.  We  should,  therefore,  expect 
that  the  salt  would  pass  out  into  the  water  of  the  jar,  as  we 
find  to  be  the  case ;  but  the  remarkable  fact  in  connection  with 
this  experiment  is,  that  a  volume  of  water  enters  the  bladder 
which  is  very  much  greater  than  could  be  introduced  by  simple 
liquid  diffusion,  amounting  in  some  cases  to  several  hundred 
times  that  of  the  salt  displaced,_the  liquid  slowly  rising  in  the 
glass  tube  of  the  osmometer  until  it  attains  a  very  considerable 
height.  The  flow  of  water  through  the  membrane  is  termed 
osmose,  and  the  unknown  power  which  produces  it,  osmotic 
force.  It  is  a  force  of  great  intensity,  capable  of  supporting  a 
column  of  water  several  metres  high.  The  only  important  phe- 
nomenon to  be  studied  in  this  connection  is  this  remarkable  flow 
of  water.  Tlie  movement  of  tlie  salt  in  the  opposite  direction 
appears  to  follow  the  laws  of  liquid  diffusion,  and,  according  to 
G-raham's  experiments,  is  not  influenced  by  the  presence  of  the 
membrane,  unless  it  is  quite  thick. 

"We  have  supposed  that  the  bladder  in  this  experiment  con- 
tained a  solution  of  common  salt ;  but  we  may  use  in  its  place 
alcohol,  or  solutions  of  cane  sugar,  of  Glauber's  salt,  and  of 
many  other  saline  bodies,  with  precisely  the  same  result.  The 
conditions  of  osmose  appear  to  be,  that  the  liquids  are  capable  of 
mixing,  and  that  the  membrane  or  septum  which  separates  them 
has  a  greater  adhesion  for  one  liquid  than  for  the  otlier. 

When  the  osmose  takes  place  between  water  and  solutions  of 
salts,  the  quantity  of  salt  which  passes  through  the  membrane 
into  tlie  water  is  always  replaced  by  a  definite  quantity  of  water, 
and  the  ratio  obtained  by  dividing  the  last  quantity  by  the  first 
has  been  termed  the  osmotic  equivalent  of  the  salt.  This  ratio 
varies  with  the  nature  of  the  salt,  and  also,  to  some  extent  cer- 
taiidy,  with  that  of  the  membrane.  It  moreover  increases  with 
the  temperature,  but  it  appears  to  be  independent  of  the  density 
of  the  solution.  The  osmotic  equivalent  for  Glauber's  salts,  for 
example,  when  the  pericardium  of  the  calf  is  used  as  the  septum, 
was  found  by  Hoffmann  *  to  be  5.1. 

The  action  of  the  septum  in  osmose  has  been  explained  in 
3  ways.     The  simplest  explanation  which  has  been  given 
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is  based  on  Lhe  unequal  adhesion  of  tlie  two  liquids  to  the  porous 
septum.  Let  us  suppose  that  the  septum  is  a  piece  of  the  blad- 
der of  an  ox,  and  that  on  one  side  it  is  in  contact  with  alcohol, 
and  on  the  other  with  water.  As  was  stated  (194)  the  mem- 
brane has  a  very  much  greater  attraction  for  water  than  for 
alcohol,  and  would  therefore  absorb  tlie  first  to  the  entire  exclu- 
sion of  the  second,  were  it  not  for  tlie  adhesion  between  the  two 
liquids.  In  consequence  of  this,  the  alcohol  is  slowly  diffused 
through  the  water  contained  in  the  membrane,  which  thus  be- 
comes saturated  with  greatly  diluted  alcohol.  Hence,  on  the 
side  of  the  membrane  towards  the  alcohol,  nearly  pure  water  is 
in  contact  with  strong  alcohol,  and  a  rapid  diffusion  of  tlio  first 
into  tlie  last  necessarily  results.  Tiie  place  of  the  water  thus 
escaping  is  supplied  by  fresh  water,  and  a  current  of  water  is 
thus  established  flowing  in  towards  the  alcoliol.  On  Oie  side  of 
the  membrane  towards  the  water,  we  have,  on  the  other  hand, 
very  dilute  alcohol  in  contact  witli  water,  so  that,  althougli  dif- 
fusion takes  place,  it  is  very  mucli  less  rapid  tlian  that  in  the 
opposite  direction.  The  flow  of  the  water  is  then  the  result  of 
two  forces,  —  first,  the  excess  of  the  attraction  of  the  bladder 
for  water  over  its  attraction  for  alcohol,  and,  secondly,  the  dififu- 
sive  force  between  the  two  liquids ;  while  the  flow  of  the  alcohol 
is  duo  to  the  diffusive  force  alone,  and  must  therefore  bo  less 
rapid. 

The  foregouig  explanation  of  osmotic  action  is  probably  true 
for  the  particular  case  of  water  and  alcohol,  but  it  will  not  cover 
all  the  phenomena  of  this  class.  This  subject  also  has  been 
carefully  investigated  by  Professor  Graliam,  who  has  established 
several  important  facts  in  relation  to  it.  He  used  as  septa  in 
his  osmometer,  wliicli  was  constructed  in  a  peculiar  way,  fresh 
ox-bladder,  or  a  piece  of  cottou  cloth  soaked  in  white  of  egg  and 
dipped  into  boiling  water  to  coagulate  it,  and  also  the  porous 
earthen-ware  cells  of  a  galvanic  battery.  He  found,  first,  that 
solutions  of  neutral  organic  substances,  such  as  urea,  gum  arabic, 
and  sugar  of  milk,  caused  little  or  no  osmotic  action  ;  secondly, 
tliat  neutral  salts,  such  as  sulphate  of  magnesia,  chloride  of 
■sodium,  and  chloride  of  barium,  likewise  produced  but  little 
effect;  thirdly,  that  alkaline  solutions,  and  especially  solutions 
of  tlie  carbonates  of  potassa  and  soda,  caused  a  very  rapid  flow 
of  the  water, — for  example,  whcu  a  solution  of  carbonate  of 
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potassa  was  placed  in  the  osmometer  containing  ono  part  of  salt 
to  1000  of  water,  500  grains  of  water  entered  the  instrument  to 
every  grain  of  the  salt  diffused  into  the  outer  cylinder,  and  it 
was  found  generally  that  osmose  was  most  rapid  when  the  solu- 
tion did  not  contain  more  than  two  per  cent  of  the  salt ;  fourthly, 
that  acid  solutions,  either  dilute  acids  or  acid  salts,  caused  a 
current  in  the  opposite  direction  to  that  caused  by  the  alkaluie 
solution  ;  lastly,  that  the  corrosion  of  the  septum  seemed  to  be  a 
necessary  condition  of  osmose,  the  water  always  flowing  to  the 
alkaline  side.  When  septa  were  used  which  were  not  chemi- 
cally acted  upon  by  the  saline  solution,  there  appeared  to  be 
no  osmotic  action,  although  they  were  not  deficient  in  po- 
rosity. 

From  the  above  and  many  other  interesting  facts,  for  which  we 
must  refer  the  student  to  tlie  original  memoir,*  Graham  advances 
the  hypothesis  that  osmose  is  due  to  a  chemical  action  of  the 
liquids  on  the  septum,  whicli  is  different  on  its  two  surfaces  not 
in  degree  only,  hut  also  in  kind,  —  acid  on  one  side  and  alkaline 
on  the  other ;  —  and  he  compai'es  the  flow  of  water  to  the  alka- 
line side  to  the  similar  flow  of  water  in  electrolysis  towards  the 
negative  pole  of  the  galvanic  battery.  In  electrolysis,  as  in  os- 
mose, the  water  current  always  follows  the  alkalies  and  hydrogen. 
The  accumulation  of  water  around  the  negative  pole  of  tlie  gal- 
vanic, battery  has  been  explained  by  assuming  that  the  liquid 
moleciile  of  water,  which  is  decomposed  by  galvanism,  consists 
not  simply  of  HO,  biit  of  H„+iO.,^,,  and  that  this  is  divided  by 
the  current  into  H„+i  0^4-0.  The  part  H„.^,  0„  being  positive, 
it  is  drawn  to  the  negative  pole,  and  there  splits  up  into  H,  which 
escapes  as  a  gas,  and  H„  0„,  which  increases  the  volume  of  the 
liquid  in  the  cell  into  which  the  pole  dips.  This  hypothesis  may 
be  extended  to  the  plienomena  of  osmose,  since  we  may  suppose 
a  number  of  molecules  of  water  attached  to  each  particle  of  the 
base  and  the  acid  of  the  salt,  and  we  can  thus  conceive  that  a 
chemical  decomposition  of  the  salt  by  the  porous  septum  should 
be  attended  with  a  motion  of  liquid  similar  to  that  which  attends 
the  decomposition  of  the  same  salt  by  galvanism,  this  motion  in 
either  case  being  made  perceptible  by  the  presence  of  the  dia- 
phragm, which  prevents  the  water  from  recovering  its  level. 

*  Joumiil  of  tho  Chemical  Society  of  Loailo!i,  Vol.  VIII.  p.  43. 
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"  Osmose,"  according  to  Graham,  "  is  the  coiivci-sion  of  affin- 
ity into  mechanical  effect ; "  but  ivhat  is  tlie  nature  of  the  chem- 
ical process  which  in  any  given  case  produces  such  remarkable 
and  great  results  has  not  been  shown.  It  is  impossible,  with  our 
present  knowledge,  to  decide  how  far  the  action  is  chemical  and 
how  fdi  puicly  mechanical,  and  we  must  therefore  leave  the  sub- 
ject m  this  unsatibfictory  condition.  It  is  evident  from  the 
poious  natuie  of  the  walls,  both  of  animal  and  vegetable  ves- 
sels, thit  tho  phenomena  of  osmose  must  play  an  important  part 
in  the  Ining  organism;  but  whether,  as  some  liave  supposed^  it 
is  the  efficirnt  agent  m  causing  the  ascent  of  the  sap  in  the  plant, 
or  in  the  processes  of  secretion  iu  the  animal,  we  cannot  deter- 
mine m  the  piesent  state  of  our  knowledge. 

*>■  Liquids  on  Gases. 

___   „  ^  (_203  )  Adhesion  of  Liquids  to  Gases. 

*—-  ^  The  adhesion  of  liquids  to  gases  is  ex- 

'  1  iplilied   by  the  familiar  fact,  that,  when 

^       \  uids  aie  poured  from  one  vessel  to  an- 

lier,  bubbles  of  air  are  carried  down  with 
descending  stream,  which  rise  and  break 
on  the  surface  of  tlie  liquid.     The  adhe- 
in  of  water  to  air  is  a  force  of  considerable 
wei,  and  is  applied  in  some  places  for 
uducing  the  constant  blast  which  is  re- 
lied toi  working  an  iron  forge.     In  Fig. 
1   IS   represented  the  machine  which  is 
ed  foi  this  purpose  at  some  iron  forges 
Catalonia.     "Water  is   discharged  from 
0  leseivoir  A,  into  which  it  flows  from 
a  higher  level, 
into  the  tube 
B,  tlirough  a 
conical  orifice, 
a  a.    The   op- 
enings c  c  ad- 
mit air  to  the 
upper  jiart  of 
■  the    tube    B, 
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which  is  carried  clown  by  the  stream  of  water  into  the  reservoir  C, 
and  then  forced  through  the  tnheJ^FG  and  the  tuyere  TV 
into  the  crucible  of  the  forge.  The  sti'eam  of  water  is  broken 
on  a  projecting  ledge,  and  escapes  by  the  opening  D.  By  rais- 
ing or  lowering  the  stopper  g-,  tlie  quantity  of  water  which 
falls,  and  hence  also  tlie  intensity  of  the  blast,  can  easily  be 
regulated. 

All  aspirator  for  establishing  a  cui-rent  of  gas  through  various 
forms  of  chemical  apparatus,  founded  on  the  principle  of  this 
blast  machine,  has  been  described  by  M.  "W.  Johnson.*  It  con- 
sists merely  of  a  tube  ten  or  twelve  inches  in  length,  attached  by 
means  of  an  india-rubber  connector  to  a  water-cock.  Near  the 
top  of  this  tube  there  is  a  lateral  tubulature,  which  is  connected 
by  an  india-rubber  hose  with  the  vessel  through  which  the  air  is 
to  be  drawn.  When  the  water-cock  is  partially  opened,  a  very 
uniform  and  abundant  ciirrent  of  gas  is  drawn  in  at  the  lateral 
opening,  and  its  velocity  can  be  regulated  by  varying  the  length 
of  the  tube. 

(204.)  Solution  of  Cases.  — Another  effect  of  adhesion,  still 
more  important  in  its  cliemical  relations  than  the  one  just  con- 
sidered, is  the  absorption  of  gases  by  water  and  other  liquids. 
Water  has  tlie  power  of  dissolving  all  gases,  although  in  very 
different  proportions,  varying  from  one  tliousand  times  its  own 
volume,  in  the  case  of  ammonia,  to  only  about  one  fiftieth  of  its 
volume,  in  that  of  nitrogen. 

The  amount  of  gas  dissolved  by  a  liquid  on  which  it  exerts  no 
chemical  action  depends  upon, — 

1st.  The  peculiar  nature  of  the  gas  and  the  absorbing  liquid. 

2d.  The  pressure  to  which  the  gas  is  exposed. 

3d.  The  temperature. 

The  volume  of  a  gas  (reduced  to  0'  and  to  76  cm.  pressure) 
which  is  absorbed  by  one  cubic  centimetre  of  a  liquid  under  the 
pressure  of  76  c.  m.  is  called  the  coefficient  of  absorption.  This 
coefficient  of  absorption  varies  with  the  temperature,  biit  for  any 
given  temperature  it  is  a  constant  quantity  for  the  same  gas  and 
liquid.  The  coefficients  of  absorption  at  0°  of  a  few  of  the  best 
known  gases  are  given  in  tlie  following  tabic,  both  for  water  and 
for  alcohol :  — 

«  Journal  of  the  Olicinical  Society  of  London,  Tol.  TV.  ]i.  180. 
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Volume  iu  JTHH^  absorbed  by  one  l'.~^.^  of 

Nami?  of  Gus.                                    Wiitcr  Alcohol. 

Nitoge.,        ....         0.0203,5  0.12634 

HTdroren                    .         .  .     0.01930  0.06925 

Omen    '               ...         0.04114  0.28397 

Carbonic  Acid,  .         .         .  .     l-l^mO  4.32950 

SnlphideofUjarogen,  .        .        4.37060  17,89100 

SnlphnronsAca,       .         .  .   68.86100  328.62000 

Ammonk,     ....  1049.60000 

(205.)  Variaiion  of  the  Coejfi.cient  of  Absorption  with  the 
Temperatme.—ln  a  solid,  tlw  force  ifliioh  tlw  solvent  power 
of  a  liquid  has  to  overcome  is  that  of  cohesion ;  in  a  gas,  on 
the  other  hand,  it  is  tlmt  of  repulsion ;  and  Te  should  therefore 
naturally  expect,  contrary  to  what  is  trrre  of  solids,  that  the  sol- 
ubility of  gases  would  duninish  witli  the  increase  of  the  tempera- 
ture. This  we  find  to  be  tlie  case,  and,  with  a  few  exceptions, 
the  solubility  of  a  gas  is  greater  the  lower  the  temperature.  As 
m  the  case  of  solids,  however,  the  law  of  the  vai-iation  depends 
upon  the  nature  of  the  gas,  and  must  therefore  be  determined  for 
each  special  case.  In  Table  TIL  of  the  Appendix,  the  coefficients 
of  solubility  of  the  most  familiar  gases  are  given  for  different  tem- 
peratiues  within  the  Irniits  of  ordinary  obsen-ation.  By  compar- 
ing together  the  results  of  observation  at  different  temperatnies, 
we  can  ohtam,  as  in  the  case  of  the  solubility  of  solids,  interpo- 
lation formula!  by  means  of  which  the  coefficients  may  be  cal- 
culated for  other  temperatures  witliin  certain  restricted  Hmits. 
Tims  in  the  case  of  the  absorption  of  nitrogen  by  water,  the 
results  of  live  experiments  were  as  given  in  tlie  following  table 
from  Bunsen's  Gasometiy.* 


E>:pnlLo™l. 

Tfimperotnrc.       Coeffldeute  toaoS. 

""f^l'T'^ 

»— 

I 
2 
3 

5 

4.Q                    0.01848 
6.2                     0.01751 

12.6  0.01520 
n.7                     0.01436 

23.7  0.01392 

0.01 SS7 
0.01737 
0.01533 
0.01430 
0.01384 

— 0.00000 
—0.00014 
-1-0.00013 
—0.00006 
—0.00008 

By  combination  of  the  experiments  1,  2,  S ;  2,  S,  4 ;  3,  4,  5, 
obtain  the  intorpoUtion  formula 


*  Gasometiy,  l)V  liobert  BunKon.    TransliiteiT  by  Roscoe.     LoiiJoii.     isrir. 
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e  =  0.02034G  —  0.00053887;!  +  0.000011156f,  [131.] 

by  means  of  -which  the  numbers  of  Table  VII.  may  be  calcu- 
lated. For  the  interpolation  formnlEe  by  which  the  coefficients 
of  absorption  of  other  gases  may  be  calculated,  as  well  in  alcohol 
as  in  water,  we  must  refer  the  student  to  the  excellent  work 
of  Professor  Eunseii  already  cited,  from  which  Table  YII.  has 
been  taken. 

To  the  general  law  that  the  solubility  of  a  gas  diminishes 
with  tlie  increase  of  the  temperature,  there  ai-e  several  excep- 
tions. Thus,  the  coefficient  of  absorption  of  oxygen  in  alcohol  is 
constant  at  0.28397  for  temperatures  between  0°  and  24°,  and 
the  same  is  true  also  for  hydrogen  in  water.  So  also  one  vol- 
ume of  water  at  5°  absorbs  less  chlorine  gas  than  at  8° ;  but  here, 
as  in  similar  cases,  the  apparent  exception  to  the  law  is  caused 
by  the  intervention  of  chemical  affinity.  Chlorine  foiins  at  0° 
a  definite  crystalline  compound  with  water,  and  the  solubility 
of  this  solid  increases  with  the  temperature  up  to  10°.  Above 
this  temperature  the  crystalline  hydrate  cannot  exist,  the  chlo- 
rine dissolves  as  a  gas,  and  its  solubility  follows  the  general 
law,  diminishing  with  the  temperatm-e. 

Although  the  solubility  of  a  gas  increases  as  the  tempera- 
ture falls,  yet  at  the  moment  the  liquid  freezes,  the  absorbed 
gas  is  almost  entirely  set  free.  During  the  fi-eezing  of  water 
the  air  dissolved  separates  from  it,  forming  bubbles  in  the  ice. 
So  also  the  oxygen  which  is  absorbed  in  large  quantity  by  melted 
silver  is  evolved  when  it  solidifies.  But  when  at  the  freezing 
point  the  dissolved  gas  forms  a  definite  compound  with  the 
water,  it  sometimes  happens  that  no  gas  is  evolved  when  the 
water  freezes,  as  is  the  case  with  the  solution  of  chlorine  just 
mentioned. 

(206.)  Variation  of  the  Solubility  of  a  Gas  leith  the  Pres- 
sure. —  This  variation  follows  a  very  simple  law.  Tlie  qimrir- 
tity  of  gas  *  absorbed  by  a  liquid  varies  directly  as  Ute  pressure 
which  the  gas  exerts  vpon  it.  If  now,  instead  of  considering 
the  quantity  of  gas  absorbed,  we  consider  the  volume  absorbed 
under  any  given  pressure,  it  follows,  from  Mariotte's  law,  that 
this  volume  must  be  the  same  in  all  cases.  Thus,  for  example,  at 
0'  one  cubic  centimetre  of  water  absorbs  1,797  ^^.^  of  carbonic 

*  By  the  term  quantity  of  a  gas  is  alivaya  lo  bo  undorsiood  Ihe  numliev  of  oubic  cen- 
timetres measui-ed  at  0°  C.  and  under  a  prcssnie  measuvKil  bj  76  c.  m.  of  mercury. 
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acid  gas,  -wliatovor  may  be  its  pres^re.  If  tlic  pressure  is  76  c.  m., 
tlie  quantity  of  gas  absorbed  measures,  at  the  standard  tempera- 
ture and  pressure,  exactly  1.797  ^T^'.  If  now  the  pressure  is 
doubled,  tlie  volume  of  gas  absorbed  is  the  same  as  before,  but 
the  qumtity  (measured  at  0°  0.  ajid  76  e.  m.)  wiU  be  found  equal 
to  twice  1.797  or  3.594  ^T^S  and  the  same  is  ti-ue  for  all  pres- 
sures -within  the  limits  at  which  Mariotte's  law  holds  good. 
(165.)  It  is  true  that  the  law  has  not  been  demonstrated  ex- 
perimentally except  in  a  few  cases  and  within  very  restricted 
limits,  but  it  is  highly  probable  that  it  is  as  constant  as  that  of 
Mariotte.  Representing  by  F„  and  VJ  the  3Mani#ies  of  a  given 
gas  absorbed  by  a  given  voliune  of  liquid  corresponding  to  the 
pressures  K  and  -ff/,  we  have  for  tlie  mathematical  expression  of 
this  fundamental  law  of  gasometry  the  proportion 


r„ :  VJ 


--  H, :  H- 


[132.] 


The  principles  of  this  section  are  illustrated  by  the  apparatus 
represented  ui  Figs.  332  and  333,  used  for  saturating  water  with 
carbonic  acid  gas  under 
pressm'e  (soda-water).  It 
is  made  of  earthenwan 
and  the  two  chambers  1 
and  B,  as  shown  in  tli 
section,  are  connected  to 
gether  by  the  fine  tubr 
a  b.  Tlirough  the  neck  cf 
the  apparatus  at  m,  water  ib 
introduced  into  the  upper 
chaiuber,  B,  which  is  then 
closed  by  a  screw  plug 
Thi'ough  this  plug  passes  a 
tube,  p  i,  closed  by  a  valve 
stopcock,  by  means  of  which  the  water  may  be  drawn  off  when 
saturated  with  gas.  Thiough  a  tubulatme  at  o,  which  can  also 
be  closed  by  a  screw  plug,  the  mateiials  foi  making  carbonic 
acid  gas  (bicarbonate  of  soda,  tariano  acid,  and  water)  are  in- 
troduced mto  the  lower  chamber,  A.  The  gas,  as  it  is  evolved, 
escapes  through  the  tube  b  a  into  the  upper  part  of  the  chamber 
J5,  where  it  comes  in  contact  with  the  surface  of  the  water,  and 
is  in  part  dissolved,  while  the  rest  exerts  a  pressure  upon  it 
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aroountbig  to  several  atmospheres.  On  opening  the  stopcock, 
the  water  charged  with  gas  is  driven  out  with  force,  and  the 
amount  of  gas  dissolved  is  found  to  bo  exactly  proportional  to 
tlie  pressure  which  it  exerted  on  the  surface  of  the  water. 

"When  the  water  thus  surcliarged  with  gas  is  drawn  out  into  a 
glass  tumbler,  the  excess  of  gas  escapes  with  effervescence.  If 
tlie  process  is  closely  examined,  it  will  be  noticed  that  the  bubbles 
of  gas  rise  from  the  sides  and  bottom  of  the  tumbler,  and  if,  while 
tlie  water  is  still  saturated,  we  drop  into  it  a  eolid  body  with  a 
rough  surface,  a  piece  of  bread,  for  example,  tliere  will  ensue  a 
brisk  effervescence  around  tlie  body.  The  cause  of  this  phenom- 
enon is  thus  explained.  The  gas,  a^  wo  have  assumed,  is  held 
in  solution  by  the  adhesion  of  the  liquid  pai'ticles.  In  the  midst 
of  the  water  the  particles  of  cai'bonic  acid  are  suiTounded  on  all 
sides  by  particles  of  liquid,  but  immediately  in  contact  with  the 
solid  they  are  only  attracted  on  one  side  by  the  liquid,  since  on 
the  other  they  are  in  contact  with  the  solid  surface.  It  is  evident 
that  the  adhesive  force,  and  hence  also  the  solvent  power,  must  be 
less  iu  the  last  case  than  in  tlie  first,  so  that  the  particles  of  gas 
in  contact  with  the  solid  surfaces  will  be  the  first  to  assume 
the  aeriform  condition.  These  particles  uniting  together  form  a 
small  bubble  of  gas,  which,  as  it  rises  tlirough  the  solution,  con- 
stantly enlarges,  and  acquires  a  considerable  size  before  it  breaks 
on  the  surface.  The  bubble  increases  in  size  as  it  ascends,  be- 
cause, as  is  evident,  it  must  have  the  same  effect  as  a  solid  body 
on  all  the  particles  of  tlie  solution  with  which  it  comes  in  contact, 
diminishing  the  adhesive  force  between  the  water  and  gas. 

If  water  saturated  with  carbonic  acid  is  placed  under  a  glass 
bell  resting  on  the  plate  of  an  air-pump,  the  carbonic  acid  will 
escape  from  the  solution,  and  collect  in  the  bell,  until  the  quantity 
remaining  in  solution  corresponds  to  the  pressure  exerted  by 
the  carbonic  acid  which  has  escaped.  The  presence  of  air  in 
the  bell  does  not  in  any  way  affect  tlie  final  result,  and  precisely 
the  same  quantity  of  carbonic  acid,  and  no  mom,  would  rise  into 
the  bell  if  the  air  were  completely  removed.  It  is  true,  how- 
ever, that,  if  the  bell  were  exhausted,  this  quantity  would  escape 
instantaneously,  while,  if  it  is  filled  witli  air,  tlie  equilibriujn  is 
only  attained  after  a  considerable  time.  The  same  is  true  if  the 
bell  is  filled  with  other  gases  than  air.  Let  us  now  suppose  that, 
after  the  equilibrium  has  been  attained,  a  portion  of  the  mixture 
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of  carbonic  acid  and  air  is  removed  by  tbo  pump.  The  pressure 
whicli  the  carbonic  acid  exerts  oa  the  solution  wiU  thus  be  di- 
minished, aiid  more  gas  will  escape  from  the  solution,  until  the 
equQibrium  between  the  gas  dissolved  and  the  pressure  of  gas  in 
the  beU  is  again  restored.  It  is  evident  that  the  whole  gas  can- 
not be  removed  from  a  solution  by  the  air-pump,  since  we  can 
never  remove  the  whole  of  the  gas  from  the  surface  of  the  liquid, 
and  cannot  therefore  entirely  remove  the  pressure  which  the  gas 
escaping  from  the  solution  exerts.  This  object,  however,  can 
be  readily  attained  by  placing  at  the  side  of  the  glass  holding  the 
solution  another  glass,  containing  some  chemical  reageut  wliich 
has  the  power  of  absorbing  the  gas.  Thus,  if  we  place  under 
the  same  bell  containing  a  solution  of  carbonic  acid  a  concen- 
trated solution  of  caustic  potash,  this  reagent  will  keep  the  bell 
free  from  carbonic  acid,  and  reduce  the  pressure  it  exerts  to 
nothing,  so  that  the  gas  will  continue  to  escape  from  tlie  solution 
until  the  wiiolo  is  removed.  If  at  tlie  same  time  we  exhaust  tlie 
air  witli  the  pump,  we  shall  greatly  hasten  the  process,  although 
the  final  result  is  not  affected  by  the  presence  of  the  air,  or  any 
other  chemically  inactive  gas. 

The  amount  of  cai-bonie  acid  present  in  the  atmosphere  is  so 
small,  that  it  exerts  no  appreciable  pressure  ;  so  that,  if  a  solu- 
tion of  this  gas  is  exposed  to  the  atmosphere,  the  whole  of  the  gas 
should  according  to  the  law  escape.  This  we  find  to  be  the  case, 
although,  on  account  of  the  slow  diffusion  of  carbonic  acid  into 
air,  it  requires  a  long  time  before  the  whole  has  disappeared. 
The  same  must,  of  course,  also  bo  true  of  solutions  of  all  gases 
with  the  exception  of  those  composing  tiie  atmosphere. 

The  most  available  means  of  driving  out  a  gas  from  a  solution 
is  boiling.  The  high  temperature  diminishes  the  coefficient  of 
absorption,  and  moreover  the  escaping  vapor  carries  away  with 
it  the  gas  from  the  surface  of  the  liquid,  so  that  the  pressure 
which  the  gas  exerts  on  this  surface  is  constantly  diminishing, 
and  with  it  also  the  amount  of  tlie  gas  which  the  liquid  can  hold 
in  solution.  On  this  same  principle,  protoxide  of  nitrogen  can 
be  entirely  removed  from  water  by  passing  through  it  a  current 
of  air. 

There  are  a  few  gases,  such  as  chlorohydric  acid,  which  have 
so  strong  an  alHuity  for  water  that  they  cannot  be  removed  by 
boiling,  since,  after  the  solution  is  reduced  to  a  certain  degree 
34 
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of  concentration,  the  liquid  and  gas  evaporate  together  as  a 
■whole. 

(207.)  As  a  general  rule,  the  solubility  of  a  gas  is  dimtmshed 
by  the  presence  of  other  substances  in  the  solution.  Thus,  for 
example,  water  containing  sulphuric  acid  or  any  salt  will  absorb, 
in  most  cases,  less  gas  than  when  pure.  As  a  necessary  conse- 
quence, tlie  gas  which  water  holds  in  solution  can  in  great  meas- 
ure he  driven  out  by  the  addition  of  oil  of  vitriol,  or  by  dissolving 
in  it  some  salt.  So  also  melted  silver,  which  absorbs  from  tlie 
atmosphere  a  large  volume  of  oxygen,  disengages  with  efferves- 
cence the  whole  of  the  dissolved  gas,  on  the  addition  of  an  equal 
weight  of  melted  gold. 

Whenever,  on  the  other  hand,  as  is  sometimes  the  case,  the 
solubility  of  a  gas  is  increased  by  the  presence  of  salts  or  other 
substances  in  solution,  this  exception  to  the  general  rule  is  appar- 
ently caused  by  the  chemical  affinity  of  the  dissolved  substance. 
The  presence  of  phosphate  of  soda  increases  greatly  the  solubility 
of  carbonic  acid,  and  the  presence  of  sulphate  of  copper  and  sul- 
phate of  protoxide  of  iron,  the  solubility  of  oxide  of  carbon  and 
deutoxide  of  nitrogen,  respectively.  It  is  true  that  in  all  these 
cases  the  gas  can  be  driven  out  of  the  solution  by  boilhig,  but 
nevertheless  it  is  probable  that  unstable  compounds  are  in  each 
case  formed ;  and  this  opinion  is  substantiated  in  the  last  case  by 
the  very  remarkable  change  of  color  which  the  solution  of  green 
vitriol  undergoes  by  absorbing  deutoxide  of  nitrogen  gas. 

The  principles  of  this  section,  it  should  be  noticed,  apply  only 
to  solid  and  liquid  bodies,  since  the  coefficient  of  absorption  of 
one  gas  is  not  apparently  influenced  by  the  presence  in  the  solu- 
tion of  another  gas  on  which  it  is  chemically  inactive.  This  last 
principle  will  be  considered  in  detail  in  section  (209). 

(208.)  Determination  of  the  Coefficient  of  Absorption.— ks'ha& 
been  already  stated,  the  coefficient  of  absorption  is  the  volume  of 
gas  (measured  m  cubic  centimetres  at  0°  and  76  c.  m.)  absorbed 
by  one  cubic  centimetre  ofliquid.  Since  this  coefficient  varies  with 
the  temperature,  it  must  be  determined  for  each  temperature,  or 
we  may  determine  it  with  accuracy  for  several  temperatures  at 
suitable  intervals,  and  then  from  these  results  deduce  an  interpo- 
lation formula  by  which  we  may  calculate  the  coefficient  for  all 
intermediate  temperatures,  and  prepare  tables  like  Table  VII. 
of  the  Appendix.     It  is  only  then  necessary  lo  inquire  how  tlie 
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cocfncient  is  determined  for  any  given  temperature,  t.    Tlierc  are, 
in  general,  two  methods  which  are  used  for  this  purpose. 

First  Method.  —  The  first  metliod  consists  in  passing  a  current 
of  the  gas  through  the  liquid  under  experiment,  untn  the  last  is 


saturated,  then,  liaMng  lULfnlh  oh  ivel  the  temperature  of 
the  solntmn,  tiansferrmg  with  propei  piecautions  a  measured 
volume  to  a  glass  lieiker,  and  deteimming  the  weight  of  the  dis- 
solved gas  hy  some  piocpss  of  chemical  analysis.  Tliis  method 
will  be  bettei  understood  if  illustrated  by  an  example,  and  we 
will  select  foi  the  purpose  the  deteimmatioii  of  the  coefficient  of 
absorption  of  sulphide  of  hydrogen  in  alcohol,  which  was  made 
by  Drs.  Schonfeld  and  Carius,  with  the  apparatus  represented  in 
Fig.  334.* 

Tlie  flask  a  a  is  closed  by  a  tight  cork,  through  which  four 
holes  have  been  bored.     Through  the  first  of  these  passes  a  ther- 


*  Sou  Bunscii's  Gasomctry,  page  160. 
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mometer,  b ;  through  tlie  second,  the  tube,  c,  conducting  the  gas; 
through  the  third,  a  short  tiihe,  d,  serving  as  a  vent  to  the  gas, 
and  ending  in  a  small  india^mhber  tube,  which  can  be  easily 
closed  by  a  glass  rod ;  lastly,  through  the  fourth  hole  passes  a 
siphon  tube,  e.  These  tubes  exactly  fit  the  holes  in  the  cork,  so 
that  if  the  tube  d  is  closed  while  the  current  of  gas  is  flowing 
into  the  flask  tlirough  tlie  tube  c,  the  solution  will  be  forced  out 
through  tliis  siphon  tube,  e. 

In  making  the  deterniination,  the  sulphide  of  hydrogen  was 
generated  from  sulphide  of  iron  and  dilute  sulphuric  acid,  and, 
having  been  washed  with  water,  was  passed  through  alcohol  in 
the  flask,  which  had  been  previously  boiled  in  order  to  expel  all 
the  air  it  contained  in  solution.  The  alcohol  in  tho  mean  time 
was  kept  at  a  constant  temperature  by  placing  the  flask  in  a  wa- 
ter-bath, and  this  temperature,  which  was  cai-efuUy  observed  by 
the  thermometer  fc,  we  will  call  f.  The  tube  d  was  also  loft 
open,  so  that  the  sulphido  of  hydrogen  gas,  which  filled  the  upper 
part  of  tlie  flask,  exerted  the  same  pressure  on  the  surface  of  the 
alcohol  as  that  indicated  by  the  barometer  at  the  tune  of  the 
experiment.  We  will  represent  this  by  H.  At  the  end  of  two 
hours,  when  it  was  assumed  that  the  liquid  was  saturated  with 
the  gas,  tlie  iudiar-rubber  connector  at  d  was  closed  by  a  glass 
rod,  and  the  solution,  as  it  was  forced  out  tlu-ough  the  siphon  e, 
collected  in  a  measuring-^lass.  The  tube  e  was  so  adjusted  as 
to  reach  to  tlie  bottom  of  the  measuring-glass,  and  after  tlie  glass 
was  full,  the  solution  was  permitted  to  overflow  the  mouth  for 
some  time,  and  until  the  upper  layers  of  the  liquid,  wliich  had 
been  exposed  to  the  air,  and  consequently  lost  a  portion  of  their 
gas,  had  been  replaced  by  the  saturated  solution  rising  from 
below.  The  glass  was  then  quickly  closed  by  its  stopper,  and  its 
contents  immediately  after  transferred  to  a  beaker  containing  a 
solution  of  chloride  of  copper.  The  volume  of  the  solution  used 
was,  of  course,  the  same  as  that  of  the  measuring-glass,  and  we 
will  represent  it  by  V.  Lastly,  the  sulphur  of  the  precipitated 
sulphide  of  copper  was  converted  into  sulphuric  acid  by  nitric 
acid,  and  weighed  in  the  usual  way  as  sulphate  of  baryta.  From 
the  weight  of  sulphate  of  baryta  the  weight  of  sulphide  of  hydro- 
gen contajned  in  tlie  solution  was  easily  calculated.  Represent 
this  weight  by  W,  and  the  known  weight  of  one  cubic  centimetre 
of  sulphide  of  hydrogen  gas  at  0°  and  76  c,  m.  by  w  (Table  11.), 
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and  we  have  all  the  data  for  calculating  the  coefficient  of  absorp- 
tiou  at  the  temperature  of  t\ie  csperiment. 

V  '=  volume  of  solution  saturated  with  II  S  sit  t°  and  ff  c.  m. 
^  =  weight  of  H  S  in  ditto,  at  f  and  //  e.  in. 

Then  by  [132], 

W-'^-  =  weight  of  11  S  in  dittu  at  t"  and  7G  cm. 
Dividing  by  lo,  we  get 

=  volume  of  H  S  (measured  at  0°  and  70  cm.)  dissolved  at 


■// 


t°  and  76   ( 


It  was  assumed  in  this  determination  that  the  volume  of  alcohol 
underwent  no  change  by  absorbing  sulphide  of  hydrogen,  so  tliat 
V  represents  uot  only  the  volume  of  the  solution,  but  also  the 
volume  of  the  alcohol  it  contained.  Hence,  F  cubic  centime- 
tres of  alcohol  at  f  dissolve  —  .  -g-  cubic  centimetres  of  sulphide 
of  hydrogen,  measured  at  0°  and  76  c.  m.  Consequently,  the 
coefficient  of  absorption,  or 

As  is  evident,  this  formula  is  not  only  applicable  to  the  particu- 
lar case  under  consideration,  but  may  also  be  used  in  all  similar 
cases,  in  which  the  volume  of  tlie  liquid  is  not  sensibly  altered 
hy  dissolving  a  gas. 

If,  however,  we  seek  to  determine  the  solubility  of  sulphurous 
acid  gas  in  alcohol  by  tlie  same  method,  it  will  be  found  that  the 
assumption  made  iu  tlie.  last  example  is  no  longer  correct,  and 
tliat  it  is  essential  to  pay  regard  to  the  change  of  volume.  As 
for  the  rest,  the  determination  may  he  conducted  in  precisely 
the  same  manner,  only  tlie  weight,  W,  of  sulphurous  acid  gas 
contained  in  a  measured  volume,  V,  of  the  solution,  must  be  de- 
termined hy  some  special  method  of  chemical  analysis.  As  we 
cannot  conveniently  measure  tlie  volume  of  alcohol  before  the  ab- 
sorption corresponding  to  the  measured  volume,  V,  of  the  solution, 
we  determine  carefully  the  specific  gravity  of  the  alcohol  and 
of  the  solution,  and  thus  obtain  all  the  data  for  our  calculation. 
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y  =  volume  of  alcohol  saturated  with  S  O3  at  i"  aiid  //  c.  m. 

(^.  Gr.)         ^  specific  gravity  of  ditto. 

V.  (Sp.  Gr.)  =  weight  of  ditto.     See  [56]. 

IT  —  weight  of  S  0,  dissolved  at  t"  and  /Tc.  m.  in  F^?^,^  of 

Eolution. 
V  .  (Sp.  Gr.)  ~  W=  weight  of  alcohol  in  V^~^.^  of  solution. 
(1^.  Gr.y        =■  specific  gravity  of  alcohol  before  absorption. 

Hence  by  [S6], 

JLlL^Pl^S).  ~^=  volume  of  alcohol  in  Vcrm.^  of  saturated  solution. 

(Sp.Gr.y 
w  1^  weight  of  one  cubic  centimetre  of  S  Oa  gas  measured  at  0° 

and  7G  c.  m. 
---  =  volume  of  S  0'  (measured  at  0°  and  76  c.  m.)  dissolved  m 

""  V (Hm-*  of  solutjon  at  (°  and  N c.  m, 

—  .  --  ^  volume  of  ditto  dissolved  iriF'ii.m.' of  solution  at  i"  and  76  cm. 

nence  — ^^■-'5^'\'P- ^m.^  of  alcoliol  dissolve,  at  f  and  70 
(Sp.Gr.y 

W     76  --,    far, 
C.  m.,     -^  •  77  c-  m.    01  b  Ui  gas. 

Whence 


V     76  (Sp.Gr.y 

w'  H'    r.(Sp.Gr.)  —  }y' 


[134.] 

This  formula  may  he  used  in  all  simtlar  determinations  of  the 
coefficient  of  absorption,  inhere  the  volume  of  the  liquid  is  sensibly 
1  by  tho  absorption  of  the  gas.     When  there  is  no  change 


of  volume,  V^  ^'  ^^^y  ^,  wliich,  substituted  in  [134], 
reduces  it  to  [133]. 

The  metliod  of  determining  tlie  coefficient  of  absorption  just 
described  is  the  best  whenever  the  gas  dissolves  in  large  quanti- 
ties in  the  liquid,  and  when  it  is  of  sncli  a  nature  that  tlie 
amount  in  solution  can  be  readily  determined  by  the  methods  of 
chemical  analysis.  In  the  practical  application  of  this  method, 
peculiar  precautions  are  required  in  each  special  case.  For  a 
description  of  these,  we  must  refer  the  student  to  the  work  of 
Professor  Bunsen,  already  noticed. 

Second  Method.  —  The  second  method  of  determining  the  co- 
efficient of  absorption  consists  in  shaking  up  in  a  graduated  glass 
tube  a  measured  volume  of  gas  with  a  measiircd  volume  of 
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liquid,  and  carefully  observing  the  volume  of  gas  absorbed,  A 
very  elegant  apparatus  for  this  pm^pose,  called  an  absorption- 
metre,  is  described  and  figured  by  Bunsen  in  his  work  on  Gasom- 
etry,  and  a  diagram  illustrating  its  principle  is  given  here  in  Fig. 
835  The  gas  is  collected  m  the  gradu 
ated  glass  tube  aao\<ii  i  mercury  pneu 
mati^  tiou^h,  an<l  its  ^oliune  caiefully 
deteimmed  We  will  call  this  -iclumo 
coirected  foi  ttmperituie  F„  At  the 
same  time  we  obBer%e  tlio  height  of  thi, 
bwometur,  ind  the  height  of  the  suiface 
of  tlie  meicuiy  in  the  tube  ibo^e  the 
surface  of  the  merciiiy  in  the  pneumitic 
tio\igh  Tht,  difference  of  the^e  heights 
gi^es  us  a  quintitj  H  whieh  is  the  pres 
'.ure  to  ^diich  the  gas  confined  m  the 
tube  IS  exposed  (,lt)iJ)  Next,  i  volumt, 
ot  liquid  fiom  which  all  the  an  his  been 
expelled  bj  boiling  is  pissed  up  into  the 
tube,   still   stindmg    oier    the    meiuuiy  r^  aae. 

trough  This  volume  xs  also  cirelully  observed,  and  ive  will 
repiesent  it  by  I  The  tube  is  now  closed  by  '■eiewing  on 
to  the  uon  iiiig  c  c  (winch  is  cemented  to  the  tube  a  shoit  dis 
tance  ftom  its  mouth)  the  non  cip  bbdd  The  surficet/dis 
covered  with  a  piece  of  sheet  india-rubber,  which  is  pressed  by 
the  screw  against  the  mouth  of  the  tube,  and  hermetically  closes 
it.  The  tube  (filled  with  mercury,  gas,  and  the  liquid)  is  now 
transferred  to  the  glass  cylinder  gg.  This  cylinder  is  cemented 
to  a  base  A,  and  a  rectangular  projection/,  at  the  bottom  of  the 
iron  cap,  exactly  fits  a  corresponding  hole  in  the  upper  sui-face 
of  the  base.  The  cylinder  may  be  closed  by  an  iron  hd,  which 
turns  on  a  hinge  t,  and  which  may  be  fastened  by  the  thumb- 
screw n.  To  the  under  surface  of  the  cover  a  piece  of  india- 
rubber,  m,  is  cemented,  which,  when  the  cover  is  closed,  presses 
against  the  top  of  the  glass  tube  and  keeps  it  in  place.  The 
graduated  tube  having  been  introduced  and  adjusted,  mercury  is 
poured  into  the  cylinder  until  it  covers  the  bottom  to  the  deptli  of 
several  centimetres,  and  the  rest  of  the  cylinder  is  then  filled  with 
water.  The  cover  is  now  closed  and  fastened,  and  the  whole 
apparatus  violently  shaken  in  order  to  facilitate  tlie  solution  of 
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tlie  gas.  Tiio  lid  is  next  opened,  and  by  turning  the  tube  the 
cap  is  unscrewed,  and  the  mouth  of  tlie  tube  opeued  under  the 
mercury,  which  rises  to  take  the  place  of  the  gas  which  has  beeu 
absorbed.  By  turning  the  tube  in  the  reverse  direction  the 
mouth  is  now  closed,  and,  the  cover  having  been  shut  down  and 
fastened,  the  apparatus  is  again  shaken ;  and  this  process  is 
repeated  until  no  further  absorption  of  gas  is  perceptible.  When 
tlie  absorption  is  completed,  the  volume  of  gas  remaining  in  the 
tube  is  carefully  observed.  This  vohime  corrected  for  temperar 
ture  we  will  call  V'^.  Tlie  pressure  H',  to  which  the  gas  is 
exposed,  can  now  be  calculated  from  the  height  of  the  barometer, 
the  diiference  of  level  of  the  mercury  in  the  tube  and  in  the  cyl- 
inder, and,  lastly,  the  heights  of  the  columns  of  water  in  the  two 
vessels.  These  quantities  having  been  carefully  observed,  we 
commence  the  calculation  by  finding  from  Table  XIX,  the  equiv- 
alents of  the  two  water  columns  in  centimetres  of  mercury. 
Representing  these  values  by  h'  and  /t",  the  difference  of  level 
of  the  mercury  by  A,  and  the  height  of  the  barometer  by  if,  we 
have  for  the  value  of  the  pressure  H'  =  H —  k  -f-  ('*'  ■—  A")- 
A  thermometer  placed  within  the  cylinder  gives  the  temperature 
of  tlie  water,  and  hence  tlie  temperature  at  which  the  coefficient 
is  determined.  We  have  now  determined  all  the  data  requu:ed 
for  calculating  the  coefficient. 
Va         =  volume  of  gas  before  absorption,  at  0"  and  pressure  II  c.  i 

K  -^  —  "  "  "  "  "  '■  7C  0.  1 

°  7G 

V^>  z=  "  "  aftef  "  "  "  II  c.  I 

-.,  ff  „  .  .  "  ..  -  '^  7G  c.  I 


By  [132], 

IsJi  —  y^'  =  reduced  volume  of  gas  absorbed  under  the  pressure  7C 
c  m.  by  VZTm.^  of  liquid. 

In  making  determinations  of  the  coefficient  of  absorption  by 
tliis  method,  it  is  necessary  to  correct  the  measured  volumes  of 
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gas  both  for  temperature  and  for  the  tension  of  vapor,  and  to 
reduce  the  measured  columns  of  mercury  to  0"  C.  The  method 
by  which  these  reductions  are  made  will  be  explained  in  tlie  next 
chapter,  and  examples  illustrating  the  whole  subject  will  be 
found  in  Bunsen's  work  on  Gasoraetry,  already  noticed,  to  which 
we  must  refer  for  further  details. 

(209.)  Partial  Pressure.  —  If  we  conceive  of  three  masses  of 
different  gases,  occupying  the  volumes  v i,  Vs,  Vi,  and  each  exerting 
a  pressure  measured  by  H,  and  then  suppose  that  the  diapliragms 
which  separate  them  are  removed,  the  three  gases  will  mix  per- 
fectly together,  as  is  well  known,  until  each  is  equally  diffused 
through  the  whole  space  V,  which  equals  w,  +  w,  -|_  „, ,  and 
the  mixture  will  tlien  exert  the  same  pressure  as  tliat  exerted  by 
each  gas  separately,  or  H.  It  is  evident,  then,  from  Mariotte's 
law  (163),  that  each  gas  of  this  mixture  must  exert,  by  itself, 
a  pressure  which  bears  the  same  relation  to  the  whole  pressure 
that  tlie  original  volume  of  this  gas  bears  to  its  expanded  vol- 
umes. It  is  easy,  then,  to  calculate  that  the  pressures  exerted  by 
tlie  tliree  gases  of  the  mixture  are  r  '     ' 


These  pressures  are  called  partial  pressures,  in  distinction  from 
the  total  pressure,  which  is  equal  to  the  sum  of  these  partial 
pressures,  or 

If  now  a  volume  of  liquid,  which  we  will  represent  by  F, ,  is 
exposed  to  tliis  gaseous  mixture,  it  will  absorb  of  each  gas  a 
quantity  which  is  exactly  proportional  to  the  partial  pressure 
which  this  gas  exerts.  In  other  woMs,  the  law  of  (206)  holds 
true  in  regard  to  each  gas,  and  the  sohibility  of  one  gas  is  not 
influenced  by  the  presence  of  tlio  rest. 

Representing  then  by  0^,0^,  and  Cs  the  coefficients  of  absorp- 
tion of  the  three  gases  respectively,  and  assuming  that  the  total 
volume  of  the  mixture  is  so  large,  or  so  frequently  renewed,  that 
the  partial  pressures  are  not  altered  by  the  absorption,  we  can 
easily  calculate  that  the  absolute  volume  of  each  gas  in  cubic 
centimetres  absorbed  by  the  given  volume,  1^,  of  the  liquid, 
will  be,  reBpectivcly, 
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c  r 1 'i         e  v.       "        'I 

',  +  "•  +  <•,     76  "        „,-)-„,  +  „,■  18' 

"d  „  _  J4 Jf  [138.] 

'•'',, +  v,  +  ',  ■  76  ■ 
The  sum  of  these  quantities,  or  the  total  voluino  of  mixed  gases 
absorbed,  is 

^'  .T+^R  ■  W  ('■  "■  +  «■«■  +  '•  '•>■       P3!>-] 

Dividing  eaeli  of  the  quantities  [138]  by  this  sum,  we  shall  ob- 
tain tlie  composition  of  the  absorbed  gas,  or,  in  other  words,  the 
amount  of  each  gas  composing  one  volume  of  the  mixed  gases 
dissolved.     Tliese  are 


If  there  were  but  two  gases,  the  values  tij ,  Wg ,  and  C3  must  evi- 
dently be  cancelled  in  all  the  above  equations  ;  and,  on  tlic  other 
hand,  the  formulae  may  readily  be  extended  to  any  number  of 
gases  by  introducing  additional  terms. 

The  solution  of  atmospheric  air  in  water  furnishes  a  good  illus- 
tration of  the  principles  of  this  section.  Let  it  be  required  to 
determine  the  absolute  volumes  of  oxygen  and  nitrogen  absorbed 
by  F,  volume  of  water  at  the  temperature  of  15°.  The  air  is  a 
mixture  of  oxygen  and  nitrogen,  exerting  on  the  water  a  variable 
pressure,  which  we  will  assume,  at  the  time  of  the  determination, 
is  76  c.  m. ;  and  its  mean  composition  in  volume  is 

Oxygen, o.aoae 

Nitrogen, 0.7904         [141.] 

1.0000 
The  coefficients  of  absorption  at  15°  are,  by  Table   VII.,  of 
oxygen  0.02989,  and  of  nitrogen  0.01478.      The  absolute  vol- 
umes of  the  two  gases  absorbed  by  V,  volume  of  water  are,  then, 
of  oxygen, 

0.02989  F;  X  0.2096  =  0.006265  V,  ; 
and  of  nitrogen, 

0.01478  V,  X  0.7904  =  0.011682  V,. 
The   composition  of  the  dissolved  gas  in  one  volume  is,  then, 
by  [140], 
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Oxygen, 0.S401 

Nitrogen, O.C.TOO  [142.] 

1.0000 
Wo  can  also,  evidently,  reverse  tlie  above  calculation,  and  from 
the  composition  of  tlie  dissolved  gas  calculate  the  composition  of 
the  gaseous  mixture  to  which  the  liquid  has  been  exposed.  Rep- 
resenting tho  denominators  of  the  fractions  [140]  by  A,  we 
easily  obtain  the  values, 

ii,  =  -M,  v.^'-^A,       and  v,^'-^A,        [143.] 

which  are  the  volumes  of  the  respective  gases  composing  FeTml' 
of  tho  mixture.  Dividing  each  of  these  quantities  by  the  sum 
of  the  whole,  we  obtain  the  composition  of  0110  volume  of  the 
mixture.* 


and  M  [144.] 

From  the  composition  of  the  mixture  of  oxygen  and  nitrogen 
dissolved  in  rain-water,  we  can  easily  calculate,  by  these  formulie, 
the  composition  of  the  air.  Evidently,  when  there  are  only  two 
gases,  the  third  value,  m^,  and  the  last  tenn  of  the  denominators 
of  JD,  and  w^  aro  cancelled. 

AU  the  above  formulie  arc  based  upon  the  sxipposition,  that  the 
volumo  of  the  gaseous  mixture  is  so  large  that  the  partial  pres- 
sures of  its  constituent  gases  are  not  essentially  changed  by 
the  absorption.  This  is  true  in  regard  to  the  atmosphere,  as 
already  stated ;  but  when  we  experiment  upon  a  very  limited 
volume  of  a  gaseous  mixture,  as  in  the  absorption-tube  of  appa^ 
ratus  (Fig.  335),  such  an  assumption  is  far  from  being  correct, 
and  we  must  then  pay  regard  to  the  change  of  composition  and 
of  pressure  in  the  gaseous  mixture.  In  order  to  make  the  case 
as  simple  as  possible,  let  us  take  a  mixture  of  only  two  gases,  and 
consider  the  changes  it  will  undergo  by  absorption  if  in  contact 

*  It  will  afford  ihe  student  asBistaiice,  in  following  out  the  conrse  of  reasoning  in  this 
section,  fo  remember  that,  in  flie  notation  adopted,  )ii  -H  Ka  +  lis  =  V^T^."  of  tiie  mixed 
gases  before  solution,  u[  -)-  kj  -f-  ms  =  1  c.m.'  of  the  mixed  gases  in  solution,  and 
w,  +  1F3 -i- vs  ~  1  cTiB.'  of  the  mixed  gases  before  solution. 
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■with  a  volume  of  liquid,  adopting  for  the  purpose  the  following 
notation,  and  assuming  that  the  volumes  of  all  tlic  gases  entering 
into  the  calculation  are  measured  at  0°. 

V  =  volume  of  mixed  gases  bfifore  absorption,  measured  at  pres- 

sure ^ 

V  :=  volume  of  mixed  gasea  after  absolution,  measurpd  at  pressure  //'. 
Fi      =  volume  of  absorbing  liquid. 

v„  !»a  =:  volumes  respectively  of  the  two  gases  in  the  unit  volume  of  (ho 
mixed  gases  before  absorption,  so  that  i»i  -|-  u,  =  1  oTnT^- 

Mj,  Mj  =  volumes  respectively  of  the  two  gases  in  the  unit  volume  of  the 
mixed  gases  remaining  unabsorbed,  so  that  w,  -|-  «j  ==  1  c.m.'. 

c„  Cj  =  coefficients  of  absorption  of  the  two  gases  respeetively. 

It  is  now  evident  that  the  volume  V  of  the  mixed  gases  con- 
tains Wi  F"c.  m.^  of  the  first  gas  measured  under  the  pressure  H. 
Under  a  pressure  of  76  c.  m.  this  same  volume  would  measure, 
hy  [98] ,  V,  V  ,=-^  cm.'  By  the  absorption,  this  quantity  of  gas 
is  divided  into  two  parts :  first,  a  quantity,  Xi ,  which  remains  un- 
dissolved ;  second,  a  quantity,  x, ,  which  dissolves  in  the  liquid  ; 
so  that  we  have  x,  ■\-  x^^  v,V  ^.  The  value  of  x^  may  now 
readily  be  determined  by  the  laws  of  absorption,  since  we  know 
the  coefficient  of  absorption  Ci,  and  can  easily  calculate  the  par- 
tial pressure  which  the  gas  exerts  on  the  liquid  after  the  absorp- 
tion.    The  quantity  Xy  of  gas,  if  measured  at  the  pressure  H', 

would  equal  x^  -yy, ;  and  since  the  whole  volume  of  mixed  gases 
remaining  unabsorbed,  or  F',  exerts  a  pressure  H' ,  the  partial 
pressure  of  the  portion  of  this  volume  Xy  -^^  must  be  -pi  76. 
At  the  pressure  of  76  c,  m,,  we  know  that  FJ  c"m.'  of  liquid  ab- 
sorbs Ci  K  cm."  of  the  gas.  Hence,  under  the  pressure  of 
^  76  G.  m.,  the  same  volume  of  liquid  will  absorb  "^  J,  ^'  c:™:' 
of  gas.  This  is  the  value  of  x^ ;  and  substituting  it  above, 
we  obtain 

^.  +  -y.-=v.V^,,      or      x,^         '  [145.] 

By  a  similar  course  of  reasoning,  wo  should  obtain,  for  the  vol- 
ume of  the  second  gas  remaining  unabsorbed,  the  value 
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If,  for  the  sake  of  abbreviation,  wo  piit  A^  =  v,  V  H  and  A^  ^ 
1-,  V II,  also  B,  -=  (l  +  '^■lJ)   and   C,  =  (l  +  ^^j/;"') ,  we  shall 

calculate  the  composition  of  the  iinit  of  volume  of  tiic  unab- 
sorbed  gas,  which  we  shall  find  to  be 
_  _^^  _         A,  5, 
"'  ~  3:,  4-  3-,  ~"  A]  B^  -|-  A.fB, ' 
=^d  y^ _A,B,_  i:i46.] 

(210.)  Analysis  of  a  Mixture  of  two  Gases  by  ike  Absorption 
Meter.  —  It  is  evident,  from  the  computations  of  the  last  section, 
that  we  can  even  determine  the  unknown  composition  of  a  gase- 
ous mixhire  from  the  change  of  volume  it  undergoes  by  absorp- 
tion in  a  known  volume  of  liquid.  This  leads  us  to  a  method  of 
gas  analj  s  s  wl  ich  i  der  certain  circumstances,  admits  of  great 
accuracy  and  enables  us  to  solve  problems  which  cannot  be  re- 
solved I J  tl  e  ord  ary  methods  of  chemical  investigation.  Let 
us  suppose  then  that  we  have  given  the  following  data,  all 
reduced  to  0   C    as  before. 

V  =  the  original  volume  of  the  gaseous  mixture,  measured  under  the 

pressure  H, 

V  r=  the  volume  of  the  mixture  after  absorption,  measured  under  the 

pressure  //'. 
V,      =  the  volume  of  absorbing  liquid. 

C|,  Cj  =  the  coefficients  of  absorption  of  the  two  gases  composing  the 
mijtture. 
It  is  required,  from  these  data,  to  determine  the  relative  pro- 
portions of  the  two  gases  in  the  original  mixture.  Let  us  repre- 
sent, then,  by  the  unknown  quantities  x  and  y  the  volumes  of 
tlie  two  constituent  gases  measured  imder  the  pressure  1 ;  by  a." 
and  2/',  the  volumes  of  these  gases  after  absorption  measured 
under  the  same  pressure. 

It  follows  directly  from  the  law  of  Mariotte,  that  the  volume 
X',  if  measured  under  tiie  pressure  11',  would  be  -^7 ;  and  since 
35 
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this  volume,  after  the  absorption,  is  expanded  through  the  ivholo 
volumo  V',  it  is  evident  that  the  partial  pressure  it  then  exerts  on 
tlie  absorbing  liquid  is  as  much  less  than  II'  as  -fr,  is  less  than 
V',  and  must  therefore  bo  equal  to  y,.  The  volume  of  the 
first  gas  -which  would  be  absorbed  by  V,  ^T^'  of  liquid  under 
the  pressure  of  76  e.  m.  and  at  0"  (when  measured  at  0°  and 
76  c.  m.)  is  c,  J^.  As  after  the  absorption  the  pressure  exerted 
by  tlie  first  gas  on  the  liquid  is  ~,  the  volume  which  is  actu- 
ally absorbed  (measured  at  0°  and  76  c.  m.)  is,  by  [132], 
■yg  'rr,  ■  If  this  volume  is  measured  under  the  pressure  1  c.  m., 
it  will  become  c,  F|  = .    Hence  we  have 

"'  '^  m  ^  '^^  ^^'^^  ofjirst  gas  absorbed  measured  under  the  pressure  1. 
Henee,  also, 
.=«.  +  »,F,-=x.(l  +  V^),  „,   -=^^^.   p«.T 

IProm  this  value  of  x'  we  cau  easily  calculate  the  partial  pres- 
sure which  the  unabsorbod  portion  of  the  first  gas  exerts  on  the 
absorbing  liquid.  If  measured  luider  the  pressure  //',  the  vol- 
ume [147]  becomes 


and  the  partial  pressure  it  exerts  is  as  much  less  than  H'  as 
this  volume  is  less  than  V,  A.  simple  proportion  gives  us,  for 
the  value  of  tliis  pressure,  ■„,  ^ — p. ,  In  like  manner,  by  a 
precisely  similar  course  of  reasoning,  wo  shall  obtain,  for  the  par- 
tial pressure  exerted  by  the  unabsorbed  portion  of  the  second  gas, 
yr^ — y"  Now,  since  it  is  these  two  pressures  which  make  up 
the  observed  total  pressure  H',  we  have 

Returning  now  to  the  condition  of  the  gas  before  absorption, 
it  is  evident  that  the  volume  of  the  first  gas,  which  measures  x 
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under  the  pressure  1,  would  measure  ^  under  the  pressure  //. 
Hence  the  partial  pressure  which  this  gas  exerted  before  the 
absorption  was  as  much  less  than.  S^  as  tiicvolumo  -jj  is  less  than 
y,  and  must  therefore  have  been  -y .  In  like  manner,  we  find 
that  the  partial  pressure  exerted  by  the  second  gas  was  -^ ;  so 
that  we  also  have 

H=f  +  f.  [149.] 

It  will  be  noticed  that  equation  [149]  may  bo  derived  directly 
from  [148],  by  making  Ci  and  c,  equal  to  zero,  which  would  be 
the  case  where  there  was  no  absorption.  These  equations  may 
also  bo  written  in  the  forms 


1  „     *       I       y 

If  for  the  sake  of  abbreviation  wo  put 

A  =  ( P  +  c,  F,)  //', 
^  =  (P  +  e,  Fl)  JT', 
the  equations  become 


By  combining  the  two,  we  easily  obtain 

X   _   W—J)      A 
1,   ~  A—  W  '  B' 

or,  calculating  the  percentage  composition, 


_A  —  W    B 
~  A  —  B'  If 


[150.] 


[151.] 


As  an  example  of  this  method  of  analysis,  we  will  take  the 
data  obtained  in  an  experiment  with  the  absorption-meter  on  a 
mixture  of  carbonic  add  gas  and  hydrogeu,  as  given  by  Bunsen. 
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Gas  before  absorpti 

on, 

180.94 

S3.68 

15.4 

171.29 

Gaa  aft«r  absorpti  o) 

iif 

122.01 

68.09 

5.5 

119.61 

Volume  of  water, 

356.7 

" 

366.1 

Mean,      . 

356.4 

[euce  we  obtain 

H  = 

53.G800, 

V  — 

171.290, 

H'^ 

68.oyoo, 

F'  = 

119.610, 

c,   = 

1.4199, 

r,  = 

356.400, 

cs   = 

0.0193, 

w  = 

9194.847, 

A  =42591.3250, 

B    =. 

8012.568. 

And  by  substituting  these  Taiucs  iii  [151],  wo  get  tbo  following 
percentage  composition :  — 

lly  Alisoi'pHou.       By  BudionisWr. 

Hydrogen, 0.9206  0.9246 

Carbonic  Acid,  ....         0.0794  0.0754 

1.0000  1.0000 

And  it  will  be  noticed  bow  closely  these  results  agree  with  those 
obtained  by  chemical  analysis  with  the  eudiometer,  which  are 
given  at  the  side  for  comparison. 

By  substituting  the  numerical  values  in  [146],  it  will  be  found 
that  the  percentage  composition  of  the  gas  remaining  uiiab- 
sorbed  is, 

Hydrogen, 0.9829 

Carbonic  aeid,         ......         0-0171 

"l.OOOO 
The  same  method  of  gas  analysis  may  bo  extended  to  mixtures 
of  three  or  more  gases ;  but  wiicn  the  number  of  gases  exceeds 
two,  the  formulie  become  quite  complex,  and  the   results  less 
accurate. 

Gases  on  Gases. 

(211.)  Effusion.— li  has  been  found  by  Professor  Graham,* 
that  tbo  velocities  with  which  different  gases,  when  under  pressure, 
flow  through  a  mimito  aperture  in  a  metallic  plate,  are  closely 

*  Philosophical  Transactions,  1846,  p.  574. 
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related  to  their  specific  gravities ;  and  to  these  phenomena  has  been 
given  the  name  of  effusion.  In  his  esperiments,  the  gases  were 
made  to  flow  througli  an  aperture  in  a  very  thin  metallic  plate, 
not  more  than  one  three-hundredth  of  an  inch  in  diameter,  into 
a  hell-glass  on  the  plate  of  an  air-pump,  which  was  kept  vacuous 
hy  continued  exhaustion.  The  velocity  of  the  flow  was  found 
to  increase  with  the  degree  of  exhaustion,  (that  is,  with  the  pres- 
sure,) until  it  amounted  to  about  one  third  of  an  atmosphere ; 
but  higher  degrees  of  exhaustion  were  not  found  to  produce  & 
corresponding  increase  of  velocity ;  and  when  the  vacuum  was 
nearly  perfect,  a  difference  of  one  inch  in  the  height  of  the  mer- 
cury column  of  the  pump-gauge  scarcely  affected  the  rate  at 
which  the  gas  entered  the  bell.  Through  an  aperture  in  a  thin 
plate,  such  as  described,  sixty  cubic  inches  of  dry  air  were  found 
to  enter  the  vacuous  or  nearly  vacuous  receiver  in  one  tliousand 
seconds,  and  in  successive  experiments  the  time  of  passage  did 
not  vary  more  than  one  or  two  seconds.  The  times  required  for 
equal  volumes  of  different  gases  to  flow  through  this  aperture 
were  found  to  be  very  nearly  proportional  to  tlie  square  roots  of 
their  speciiic  gravities.  Thus,  the  time  required  for  sixty  cubic 
inches  of  oxygen  to  flow  through  the  aperture  was  observed  to  be 
1,051.9, 1,051.9,  1,050.6,  1,050.2  seconds,  in  four  different  ex- 
periments. The  mean  of  these  numbers  is  1,051.1,  which  boars 
almost  precisely  the  same  relation  to  1,000,  the  time  occupied 
by  the  same  volume  of  air,  as  1.0515,  the  square  root  of  the  spe- 
cific gravity  of  oxygen,  bears  to  1,  the  square  root  of  the  specific 
gravity  of  air. 

Since  the  times  occupied  by  equal  volumes  of  different  gases 
in  flowing  through  a  fine  aperture  arc  proportional  to  the  square 
roots  of  their  specific  gravities,  it  follows  that  the  velocity  of 
the  flow  must  be  inversely  proportional  to  the  square  roots  of  the 
specific  gravities,  or  directly  proportional  to  the  reciprocals  of 
these  quantities.  Eepresenting,  iJien,  by  T  and  T',  the  number 
of  seconds  required  by  equal  volumes  of  two  gases  in  flowing 
into  a  vacuum,  we  have 

T  :  T  =  ^-[si^ra^  i  ^{sp.Gr.y.  [152.] 

Also  representing  by  b  and  ll'  the  velocity  of  the  flow,  (that  is, 
tlic  volume  of  gas  entering  the  vacuum  in  one  second,)  wo  have, 
since    T:T'  =  h':b, 

35  • 
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t)  :  b'  =  V(Si).  Gr.y  :  //(■■'>  Gr.)  =  ~ 

If  we  assume  that  the  velocity  of  air  is  xiuity,  it  follows  from 
[153],  that  the  velocity  of  any  other  gas,  as  compared  with  air, 
must  be  the  reciprocal  of  the  square  root  of  its  specific  gravity, 
if  the  principle  just  enunciated  is  correct.  That  this  is  really 
the  case  is  shown  by  the  following  table,  taken  from  Miller's 
Chemical  Physics.  In  the  last  column  of  this  table,  headed 
"Rate  of  Effusion,"  the  velocities  of  different  gases  compared 
with  air  as  miity  are  given,  as  deduced  from  the  experiments  of 
Professor  Graham ;  and  it  will  be  noticed  that  they  very  closely 
coincide  with  the  reciprocals  of  the  square  roots  of  the  specific 
gravities  given  in  the  fourth  column.  The  coincidence  is  almost 
absolute  in  the  ease  of  those  gases  whose  specific  gravities  vary 
but  slightly  from  that  of  the  air.  Witli  very  light  or  very  heavy 
gases  the  deviation  is  much  greater  ;  but  this  can  be  showu 
to  be  occasioned  by  the  tubularity  of  the  aperture,  arising  from 
the  unavoidable  thickness  of  the  metallic  plate. 

Effusion  of  Gases. 


«.. 

p.  ar.      ^ 

P.Gr.     ^ 

-^roi: 

Teluclty  oC 

itsrl 

Hydrogen,      .        .        .        0 

06926        0 

2682         3 

7994 

S.S300 

3.6130 

Marsh  Gas,         .        ,            0 

3S900        0 

7J76         1 

3375 

1.8440 

1.3220 

Steam,   .        .        .        .        0 

62350        0 

7896         1 

2664 

Carbonic  Oxide,         .           C 

96780        0 

9837         1 

0166 

1.0149 

1.0123 

97130        0 

9856         ! 

OUT 

1,0143 

1.0164 

OlefiantGas,      .        .           C 

97S00        0 

9889         1 

0112 

1.0191 

J. 0128 

Binoxide  of  Nitrogen,    .        1 

03900        1 
10560        1 

0196         0 
0515         0 

9S0S 
9510 

0.9487 

0.9500 

Sulphuretted  Hydrogen,        l 
Protoxide  of  Nitrogen,           i 
CarboDicAdd,       .        .        1 

19120        1 
B2700        1 
52901       1 

2357         0 
2365         0 

9162 
8092 
8087 

0.9500 
0.8200 
0.8120 

0.8340 
0.8210 

Snlphurous  Acid,        .           2 

24700       1 

4991         0 

6671 

0.6SOO 

(212.)  Application  of  the  Law  of  Effusion.  —  The  law  of  effu- 
sion, which  was  verified  experimentally  by  Graham  in  the  case 
of  gases,  is  true  generally  of  the  flow  of  all  fluids,  under  pres- 
sure, through  an  aperture  in  a  very  thin  plate.  It  has  boon 
applied  by  Bunsen*  in  a  process  of  determming  the  specific 

*  Bunsen's  Gasomctry,  p.  131. 
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gravity  of  gases,  -whicli  is  exceedingly  simple,  and  of  especial  value 
where  only  a  small  quantity  of  the  gas  can  be  obtained.  The 
process  consists  in  observing  carefully  the  times  required  by  the 
same  volumes  of  any  given  gas  and  air  in  flowing  through  a  fine 
aperture  in  a  thin  plate  when  under  the  same  pressure.  Repre- 
senting these  times  by  T  and  3",  we  have,  from  [152], 

(^Sp.ar.-)  :  iSp.Gr.y  =  T^  :  T"  ; 

since  air  is  the  standard  of  specific  gravity,  (%v.  Gr.y  =  1 ;  and 
we  easily  obtain 

(^Sp.Gr-)=  ^5.  [154.] 


The  apparatus  used  by  Bunsen  in  these  deter- 
minations is  represented  in  Pig.  3S6.  It  consists 
of  a  glass  bell,  a  a,  holding  about  seventy  cubic  cen- 
timetres, and  closed  above  by  the  glass  stopcock  c. 
To  tlie  neck  of  the  bell,  at  d,  tliere  is  adjusted,  by 
grinding  with  emery,  the  short  tube  e,  and  to  the 
top  of  this  tube  there  is  cemented  a  sm'ill  piece  of 
platinum-foil,  in  which  a  very  iine  hole  his  been 
perforated.  In  order  that  the  phtp  should  be  is 
thin,  and  the  hole  as  fine,  aa  possible,  the  platinum 
foil  is  first  pierced  with  avery  finecamlric  needle, 
and  then  hammered  out  with  a  poli'vhed  hammei 
on  a  polished  anvil,  until  the  hole  is  no  longer 
perceptible  to  the  naked  eye,  and  can  only  be  seen 
when  the  plate  is  held  between  the  eje  ind  a 
bright  light.  The  edges  of  the  plate  aie  next  cut 
away,  so  as  to  leave  a  small  round  disk,  having 
the  hole  in  its  centre.  The  diametei  of  this  disk 
should  be  a  little  less  than  that  of  the  top  of  the 
tube,  to  which  it  can  easily  be  cemented  with  i 
blowpipe.  Within  the  bell,  when  in  use,  is  pliccd 
the  glass  float,  b  b,  made  of  thin  glass,  m  oidei 
that  it  may  be  as  light  as  possible  At  the  top  ot 
tliis  float  there  is  a  small  knob  of  black  glass,  /? 
surmounted  by  a  thread  of  white  glass ,  and  at 
the  points  /S,  and  /?3  two  blaxjk  liss  tlueads  ire 
melted  around  the  stem  of  the  fl3it  which  sene 
as  index-marks. 
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In  using  this  inatniment,  the  glass  bell,  filled  with  the  gas 
whose  specific  gravity  is  to  be  determined,  is  depressed  in  a 
mercury  trough  until  the  index-mark  y,  on  its  side,  is  on  a 
level  with  the  surface  of  the  mercury.  This  ind-ox-mark  is  so 
placed  that,  when  the  bell,  previously  filled  with  gas,  is  de- 
pressed as  just  described,  tlie  float  will  be  below  the  surface  of 
the  mercury  in  the  trough.  The  bell  is  now  fastened  securely  In 
this  position,  and  the  telescope  of  a  cathetometer  so  adjusted  that 
its  axis  shall  graze  the  surface  of  the  mercury  in  tlie  trough,  one 
side  of  which,  being  made  of  glass,  enables  the  observer,  looking 
through  the  telescope,  to  see  the  bell  distinctly.  The  apparatui 
being  tlms  arranged,  the  observer  opens  the  stopcock  c,  and  then 
closely  watches  the  tube  through  the  telescope.  After  some  time, 
the  white  thread  of  the  float  rises  into  the  field,  and  forewarns' 
the  observer  that  the  black  knob  will  soon  appear.  The  moment 
this  is  seen,  he  conmiences  his  observation,  and  notes  the  exact 
number  of  seconds  before  the  index-mark  ^.,  appeai-s  in  the  field 
of  his  telescope,  of  the  approach  of  which  he  is  forewarned  by 
previously  seeing  the  mark  /S,. 

From  the  construction  of  the  instrument,  it  is  evident  that  the 
time  thus  observed  is  the  time  required  for  the  flow,  through  the 
fine  hole  in  the  plate  e,  of  a  given  volume  of  gas,  under  a  given, 
although  varying,  pressure ;  and,  moreover,  that  this  volume  and 
pressure  must  be  tlie  same  in  all  experiments  with  tlie  same 
instrument.  Hence  the  squares  of  tlie  times,  in  tlie  case  of  dif- 
ferent gases,  must  be  proportional  to  their  specific  gravities  ;  so 
that,  having  once  for  all  determined  the  time  required  by  air,  we 
can  easily,  by  means  of  [154],  calculate  the  specific  gravity  of 
any  given  g^  Irom  a  single  observation  of  the  time  of  its  effusion. 
It  is  always  best,  however,  to  repeat  the  observation  several  times, 
and  take  the  mean  of  the  results. 

The  following  table  will  give  an  idea  of  the  degree  of  accuracy 
which  can  be  attained  by  this  process.  Column  I.  gives  the 
mean  specific  gravities  calculated  from  several  effusion  experi- 
ments on  each  gas,  and  Column  IT.  the  specific  gravities  of  the 
same  gases  calculated  from  their  chemical  equivalents. 

The  agreement  between  the  calculated  and  the  observed  re- 
sults is  very  satisfactory;,  so  that,  although  this  process  is  not 
comparable  in  accuracy  with  the  direct  method  of  determining 
specific  gravities  hereafter  to  be  described,  it  is  nevertheless,  on 
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account  of  its  great  simplicity,  recommended  by  Bunsen  for  use 
in  the  arts  when  only  approximate  results  are  required. 


Gnatfl. 

I- 

n. 

DlffBHIlKeB. 

Ail-, 

Carbonic  Acid,    .         .         .         , 
1  vol.  C  0  +  1  vol.  C  Os,       . 

Oxygen, 

1  Tol.  0  +  2  vol,  H,      .        ,        . 
Hydrogen, 

1.000 

1.203 
1.118 
0.4  U 
0.079 

1.000 
1.520 
1,244 
1.106 
0.415 
0.069 

+0.016 
—0.011 
+0.012 
—0.001 
+0.010 

(213.)  Transpiration.  —  The  flow  of  gases  under  pressure 
through  long  capillary  tubes  presents  a  class  of  phenomena  en- 
tirely different  from  those  of  effusion,  and  has  been  termed  by 
Graham  Transpiration.  With  a  tube  of  a  given  diameter,  Grar 
ham  found  that  die  shorter  the  tube,  the  more  nearly  the  rate  of 
transpiration  approxunates  to  the  rate  of  effusion ;  ■while,  on  tlie 
otlier  hand,  as  the  tube  was  lengthened,  lie  observed  a  deviation 
from  the  effusion  rate,  which  was  very  rapid  with  tlie  first  increase 
of  length,  but  became  gradually  less,  and  reached  a  maximum 
when  a  certain  length  had  been  attained.  It  was  tlierefore  neces- 
sary, iu  order  to  eliminate  the  effects  of  effusion  from  experiments 
on  transpiration,  to  employ  a  considerable  length  of  tube ;  and 
when  this  precaution  was  observed,  uniform  results  were  obtained. 
The  length  required  in  any  case  was  found  to  vary  witli  the 
diameter  of  the  tube,  and  also,  to  a  certain  extent,  with  tlie  na^- 
ture  of  the  gas.  The  most  important  eonclusions  which  have 
been  deduced  from  the  researches  hitlierto  made  on  transpira- 
tion are  as  follows :  — 

First.  The  velocity  of  transpiration  of  a  given  gas  through  a 
given  capillary  tube  increases  directly  with  the  pressure.  For 
example,  a  litre  of  air  of  double  the  density  of  the  atmosphere, 
and  therefore  exerting  twice  the  pressure,  will  pass  through  a 
capillary  tube  into  a  vacuum  in  one  half  of  the  time  required  by 
the  same  volume  of  air  of  its  natural  density.  This  is  a  very 
remarkable  fact,  and  it  shows  that  the  process  of  transpiration 
ditfers  veiy  greatly  in  character  from  effusion, 

Secondly.  With  tubes  of  the  same  diameter,  the  velocity  of 
transpiration  of  a  given  g^  is  inversely  as  the  length  of  the 
tube.  For  example,  if  one  hundred  cubic  centimetres  of  air  will 
pass  through  a  capillary  tube  two  metres  long  in  ten  minutes,  a 
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tube  of  tlio  same  diameter  four  metres  long  would  allow  the 
passage  of  only  fifty  cubic  centimetres  in  the  same  time. 

Thirdly.  The  velocity  of  transpiration  of  equal  volumes,  cmteris 
paribus,  diminishes  as  the  temperature  rises. 

Fourthly.  The  velocity  of  transpiration  was  found  to  be  the 
same,  whether  the  tubes  were  of  copper  or  of  glass,  or  even  when 
a  porous  mass  of  stucco  was  used. 

Fiftlily.  The  velocity  of  transpiration  varies  with  different 
gases,  and  appears  to  be  a  constitutional  property  of  au  aeriform 
substance,  like  the  density  or  the  specific  heat,  not  depending,  as 
is  the  case  with  effusion,  on  the  specific  gravity. 

Of  all  gases  wliich  have  been  tried,  oxygen  has  the  slowest  rate  of 
transpiration ;  and  hence  it  may  be  conveniently  taken  as  a  stand- 
ard of  comparison  for  the  other  gases.  In  the  first  column  of  the 
following  table,  the  times  of  transpiration  of  equal  volumes  of  the 
besfr-known  gases  ai'e  given,  as  compared  with  that  of  oxygen; 
and  in  the  second  column,  the  corresponding  velocities  of  trans- 
piration, which  are  the  reciprocals  of  the  first  quantities.  In  each 
case  the  gas  was  transpired  through  the  same  tube,  and  under 
precisely  tlio  same  circumstances  of  temperature  and  pressure. 

Transpirahility  of  Gases. 


0.876S 
O.STGi 
0.8TS7 
0,7493 
0.7363 
0.7300 
0.eS64 


o.aoeo 

0.5051 
0.4370 


.0000 
1074 
.1410 
.1410 
.1440 
,3340 
.3610 
.3690 
.5000 


Oxygen,     . 

Air 

r  Nitrogen, 

-]  Binoxide  of  Nitrogen, 
( Carijonic  Oxide,    . 
(■  Protoxide  of  Nitrogen, 
\  HydroeMoric  Acid, 
(.  Carlxinic  Acid,   . 

Cliloriiie,    . 

Sulphurous  Acid,  . 

Sulpliaretted  Hydrogen, 

Light  Carbnretted  Hjdrogi 

Ammonia, 

Cyanogen,     . 

Olefiant  Gas,     . 

Hydrogen,     . 


Some  very  simple  relations  in  t!ie  transpirabdity  of  different 
;ases  may  be  discovered  by  examining  tlie  above  table.     Thus, 
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equal  weights  of  oxygen,  nitrogen,  air,  and  carbonic  oxide  are 
transpired  in  equal  times  ;  tlie  velocities  of  nitrogen,  binoxide  of 
nitrogen,  and  carbonic  oxide,  are  eqixal ;  the  velocity  of  hydro- 
gen is  double  that  of  the  three  just  mentioned ;  the  velocities 
of  chlorine  and  of  oxygen  are  as  three  to  two.  Many  other 
similar  cases  might  be  cited ;  but  these  relations  seem  to  be 
merely  accidental,  and  have  not  as  yet  been  connected  with  the 
other  properties  of  tlie  substances.  "  Professor  Graham  consid- 
ers, at  present,  that  it  is  most  probable  that  the  rate  of  transpi- 
ration is  the  resultant  of  a  kuid  of  elasticity  depending  upon  the 
absolute  quantity  of  heat,  latent  as  well  as  sensible,  which  differ- 
ent gases  contain  under  the  same  volume,  and  therefore  that  it 
wiU  be  found  to  be  connected  more  immediately  with  the  specific 
heat  than  with  any  other  property  of  gases."* 

Lastly.  The  velocity  of  transpiration  of  a  mixture  of  equal 
volumes  of  two  gases  is  not  always  the  mean  of  the  velocities  of 
the  two  gases  when  separate.  For  example,  the  velocity  of  a 
mixture  of  equal  volumes  of  oxygen  and  hydrogen  is  1.110,  in- 
stead of  1.383,  which  would  be  the  mean  velocity  of  the  two 


(214.)  Diffusion.  —  The  tendency  of  gase 
other  is  so  strong,  that  it  will  overcome  tlie 
greatest  differences  of  specific  gravity ;  and, 
contrary  to  what  a  superficial  consideration 
would  lead  us  to  expect,  the  more  widely 
two  gases  differ  in  specific  gravity,  the  more 
rapid  is  the  process  of  intermixture.  TJiis 
process  is  termed  diffusion,  and  may  be 
illustrated  by  means  of  the  apparatus  rep- 
resented in  Fig.  337,  consisting  simply  of 
two  bottles,  A  and  H,  connected  together 
by  a  long  glass  tube.  If  we  fill  the  upper 
bottle  with  hydrogen  and  the  lower  bottle 
with  chlorine,  we  shall  find,  in  the  course 
of  a  few  hours,  that  the  two  gases  have  been 
perfectly  mixed  together,  although  the  dif- 
ference between  their  specific  gravities  is 
three  times  as  great  as  tlie  difference  be- 
tween the  specific  gravity  of  mercury  and 


to  mix  with  f 


*  Miller's  Elemenls  of  Chcinistry,  Part  I.  p,  8 
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that  of  water.  The  chlorine,  although  thirty-six  times  heavier 
tliaii  hydrogen,  will  bo  found  to  have  made  its  -way  into  the 
Tipper  bottle,  as  may  he  seen  by  its  green  color,  "while  the  hy- 
drogen will  have  passed  downwards  into  the  lower  one ;  and  when 
once  mixed,  the  two  gases  will  never  separate,  however  long  they 
may  remain  at  rest. 

What  has  been  shown  to  be  true  of  hydrogen  and  chlorine  is 
equally  true  of  all  other  gases  and  vapors,  which  do  not  act  chem- 
ically on  each  other.  The  only  differences  observed  with  differ- 
ent substances  are  the  times  required  to  effect  a  perfect  mixture ; 
but  when  once  made,  this  mixture,  in  all  cases,  continues  uni- 
form and  permanent.  This  subject  may  be  still  further  illus- 
trated by  filling  two  tall,  narrow  glass  bells  of  equal  diameters 
over  a  pneumatic  trough,  tho  one  half  full  of  hydrogen,  and  the 
other  half  full  of  air,  so  that  the  water  shall  stand  at  the  same 
level  in  both.  If,  now,  wc  pass  up  a  few  drops  of  ether  into  eacli 
jar,  the  same  quantity  of  ether  will  evaporate  in  both,  and  cause, 
ultimately,  the  same  depression  of  the  water-level ;  but  the  ex- 
pansion of  the  hydrogen  will  take  place  much  the  soonest, 
because,  being  fourteeti  and  a  half  times  lighter  than  air,  the 
heavy  ether  vapor  will  mix  with  it  more  rapidly. 

The  law  which  governs  the  rapidity  of  gaseous  diffusion  was 
discovered  by  Graham,  by  means  of  the  apparatus  represented 
in  Fig.  338,  and  called  by  him 
1  diffusion  tube      It  consists  of 
a  gliis  tube  thiity  oi  foity  cen- 
timetres  in  length    one  end  of 
which  IS  closed    by  i  plug  of 
plastei   of  Pans,   whirh   should 
he  IS  thin  i"  is  consistent  with 
strength      This  tube  serves  as  a 
btll  foi  holding  the  gas   under 
exppiiment  ovti  tlie  water  con- 
tained in   a  till  glass  ]ai,  and 
it  may  bo  easily  filled  without 
wetting  the  porous  diiphngm, 
by  means  of  a  glisa  siphon  tube, 
"While  filling  the  tube,  the  top  is 
closed  by  means  of  a  glass  plate,  which  has  prevwuily  been  care- 
fully ground  with  emery  on  to  the  upper  edge  above  the  plaster 


leprpsented  in  the  figuie 
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diaphragm.  The  tube,  when  filled  with  gas,  should  be  so  sup- 
ported that  the  water  may  be  on  the  same  level  within  and 
without  the  tube.  If  then  the  glass  covering-plate  is  removed, 
the  gas  will  be  found  to  mis  with  the  air  tlirough  the  thin 
plaster  diaphragm,  tlie  gas  passing  out  into  t!ie  atmosphere,  and 
the  air,  on  the  other  hand,  entering  the  tube.  The  relative  ve- 
locity of  the  two  currents  will  he  found  to  depend  on  the  relative 
density  of  tlie  gas  as  compared  with  air.  If  the  gas  is  lighter 
than  air,  the  outer  current  will  be  tlie  most  rapid,  and  the  water 
column  will  rise  in  tlie  tube  to  supply  the  vacuum  thus  formed  ; 
while,  on  the  other  hand,  if  the  gas  is  heavier  than  air,  the 
inward  current  will  be  the  most  rapid,  and  the  water  column  will 
be  depressed.  If  the  gas  is  hydrogen,  which  is  fourteen  and  a 
half  times  lighter  than  air,  the  outer  current  will  be  so  much  the 
most  rapid,  that  in  the  course  of  a  few  mimites  tlie  water  column, 
under  favorable  circumstances,  will  rise  to  over  one  half  the 
height  of  the  tube.  In  all  cases,  after  a  certai]i  time,  varying 
with  the  specific  gravity  of  the  gas  and  the  tluckness  of  the  dia- 
phragm, tlie  gas  in  the  tube  will  have  been  replaced  entirely  by 
a  volume  of  air,  which  will  be  greater  or  less  than  the  original 
volume  of  gas,  according  as  the  velocity  of  diffusion  of  tlie  air  is 
greater  or  less  than  that  of  the  gas.  By  comparing,  then,  the 
original  volume  of  the  gas  with  the  volume  of  the  air  remaining 
in  the  tube  at  the  close  of  the  experiment,  we  shall  have  at  once 
the  relative  velocity  of  diffusion  of  the  two  gases.  In  making 
experhnents  for  the  purpose  of  determining  the  velocity  of  diffu- 
sion, it  is  evidently  essential  to  maintain  the  water  at  the  same 
level,  both  within  and  without  the  tube,  since  otherwise  the  effects 
of  diffusion  would  be  modified  by  the  hydrostatic  pressure. 

As  an  illustration  of  the  method  of  determining  the  velocity  of 
diffusion,  let  us  suppose  that  tlie  tube  was  filled  with  100  'cTmJ'  of 
hydrogen  gas,  and  that  at  the  end  of  the  experiment,  during 
which  the  surface  of  the  water  within  and  without  the  tube  was 
carefully  maintained  at  the  same  level,  there  remained  in  the 
tube  26.1  c.  m.^  of  air.  It  is  evident,  then,  that  during  the  time 
100  STm.'  of  hydrogen  escaped  from  the  tube  through  the  porous 
diaphragm,  26.1  ^Tm."  of  air  entered.  Hence,  the  velocity  of 
the  diffusion  of  hydrogen  is  3.83  times  (equal  to  100  -^  26.1) 
more  rapid  than  that  of  air.  In  the  same  way,  all  the  numbers 
in  the  column  of  tlie  following  table  headed  "  Velocity  of  Diffu- 
se 
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sion "  were  found.  They  in  each  case  indicate  the  velocity  of 
diffusion  as  compared  with  air ;  and  it  will  he  noticed  that  they 
very  nearly  coincide  with  the  velocity  of  efftision. 


Diffmi 

on  of  Gases. 

„... 

Sp.  Gr. 

./E^rw. 

1 

Velocity  of 

Raw  of 

.y&^:w. 

Hydrogen, 

0.06926 

0.2632 

3.7994 

s.sa0O 

3.6130 

Marsh  Gas, 

0.55900 

0.7476 

1.3B75 

1.3440 

1.3230 

Steam,   .... 

0-62350 

0.7S96 
0.9S37 

1.2664 
1.0165 

1.0149 

1.0123 

Carbonic  Osids, 

0.96780 

Nitrogen, 

0.97130 

0.9856 

1.0147 

1.0143 

1.0164 

Olofiant  Gas,     . 

0.978(10 

0.9889 

1.0112 

1.0191 

1.0128 

Binoxicle  of  I^ifrogen,    . 

1.03900 

1.0196 

0.9808 

Oxygen,      .        .        . 

1.10560 

1.0515 

0.9510 

0.9487 

0.9500 

Sulphuretted  Hyclrogen, 

1.19120 

1.0914 

0.9162 

0.9500 

Protoxide  of  Nitrogen, 

1.52700 

1.2357 

0.8092 

0.8200 

0.8340 

Cftrbonie  Acid,       . 

1.52901 

1.2365 

0.8087 

0.8120 

0.8210 

Sulplmrons  Acid,        . 

2.24700 

1.4991 

0.6671 

0.6800 

It  appears,  then,  that  the  velocity  of  diffusion  of  a  gas  is  the 
same  as  the  velocity  of  effusion,  and  hence,  like  the  latter,  is 
inversely  proportional  to  the  square  root  of  its  specific  gravity. 
In  other  words,  gases  expand  into  each  other  according  to  the  same 
law  which  they  ohey  in  expanding  freely  into  a  vacuum.  This  fact 
has  been  thought  to  support  the  theory  of  Dj.  Dalton,  that  gases 
are  inelastic  towards  each  other,  one  gas  oifering  no  more  per- 
manent resistance  to  the  expansion  of  another  gas  tlian  would 
be  presented  by  a  vacuum.  Thus,  in  the  experiment  with  the 
two  bottles  (Fig.  337),  Dalton  supposed  that  the  hydrogen  ex- 
panded through  the  space  occupied  by  the  clilorine  just  as  if  tlie 
space  were  entirely  empty ;  and  lie  explained  why  the  expan- 
sion was  not  instantaneous  by  the  supposition  that  the  particles 
of  chlorine  offer  the  same  sort  of  resistance  to  the  motion  of 
hydrogen  as  is  offered  by  the  stones  on. the  bed  of  a  brook  to 
the  running  of  water.  There  can  be  no  question  that  tlie  ulti- 
mate result  of  diffusion  is  always  in  conformity  with  Dalton's 
theory ;  and  although  we  may  hesitate  to  assume  that  gases  are 
in  all  respects  vacua  to  each  other,  yet  this  theory  is  at  pres- 
ent the  most  convenient  mode  of  expressing  the  phenomena  of 
diffusion. 

If,  instead  of  using  a  homogeneous  gas,  we  introduce  a  mixture 
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of  two  or  more  gases  into  the  ditrusion-tube,  each  gas  will  be 
found  to  preserve  its  own  rate  of  diffusion.  Thus,  if  the  mixture 
consists  of  hydrogen  and  carbonic  acid,  the  hydrogen  will  escape 
from  the  tube  much  more  rapidly  than  the  carbonic  acid,  and  a 
partial  mechanical   separation  of  the  two   gases   may  thus  be 


It  is  not  essential  that  the  top  of  the  diffusion-tube  should  be 
closed  with  plaster  of  Paris.  Any  dry  porous  substance,  such  as 
charcoal,  wood,  unglazed  eartlien-ware,  or  dried  bladder,  may  be 
substituted  for  the  stucco ;  but  few  of  them  answer  so  well.  The 
diaphragm  is  best  prepared  by  casting  a  Yery  thin  disk  of  plaster 
on  a  glass  plate,  and,  after  it  is  thoroughly  dried,  cutting  it  to 
the  required  size  with  a  sharp  knife,  and  cementing  the  edges 
with  sealing-wax  to  the  inner  rim  of  the  tube. 

The  ascent  of  a  column  of  water  in  the  tube,  when  hydrogen 


i  diffused,  forms  a  very  striking  experiment, 
ily  be  shown  to  an  audience  with  a  Gia 
ham's  diffusion-tube  about  a  metre  in  height 
and  four  or  five  centimetres  in  diametci 
restmg  the  bottom  in  a  pan  of  coloied 
water.  The  tube  can  easily  be  filled  with 
hydrogen  by  displacement,  and  tlie  gas  le 
tained  in  its  place  by  covering  the  top  with 
a  ground-glass  plate,  which  should  be  it 
moved  at  the  time  of  the  experiment  Tbo 
same  principle  can  be  even  moie  stiikm^lj 
illustrated  by  means  of  an  appatatus  dc 
scribed  by  Professoi  Sdlimaii,  Ji  ,*  and 
represented  in  Fig  339  It  js  made  by 
cementing  the  open  mouth  of  a  poious 
earthen-ware  ceB  (buch  a^^  are  used  in  a 
galvanic  battery)  to  the  mouth  ot  a  glass 
funnel,  and  tlien  lengtliemng  the  'ipout  by 
attaching  to  it  a  long  glabs  tube  of  the 
same  diameter  '^'hen  in  ust,  the  ap])a 
ratua  is  supported  as  represented  m  the 
figure,  so  that  the  end  ot  the  tube  ^lall  dip 
into  a  glass  filled  with  coloiod  watei 


This  may  read- 


If,  now.  i\  e  hold  o\  er  the 


*  Silliman's  Pi-Liieipliis  of  Philosophy,  p.  ^22. 
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porous  cell  a  bell-glass  filled  with  hydrogen,  there  will  he  an 
immediate  rush  of  air  from  the  tube  through  the  water,  because 
the  hydrogen  diffuses  into  the  cell  nearly  four  times  as  rapidly  as 
the  air  passes  out ;  but  upon  removing  the  bell  of  hydrogen  the 
conditions  are  reversed,  —  the  hydrogen,  which  the  cell  now  con- 
tains, diffuses  into  the  atmosphere,  and  the  colored  water  imme- 
diately rises  into  the  tube. 

As  all  gases  are  expanded  by  heat,  and  therefore  rendered 
specifically  lighter,  it  follows  that  the  absolute  velocity  of  diffu- 
sion of  any  gas  (measured  by  volume)  increases  with  an  increase 
of  temperature ;  but  since  an  elevation  of  temperature  does  not 
increase  tlie  rate  of  diffusion  as  rapidly  as  it  does  the  volume  of 
a  gas,  it  is  also  tnie  that  the  same  weight  of  any  gas  will  be  dif- 
fused more  rapidly  at  a  low  than  at  a  high  temperature.  It  will 
hereafter  be  shown  that  heat  expands  all  gases  equally,  so  that 
tlieir  relative  densities  are  preserved,  however  great  the  change  of 
temperature.  Hence  the  relative  velocities  of  diffusion,  which 
are  given  in  the  table  on  p.  422,  are  the  same  for  aU  tempera^ 
tures,  provided,  of  course,  the  gases  be  heated  equally. 

This  diffusive  power  of  gases  is  of  the  greatest  importance  in 
preserving  the  j.urity  of  our  atmosphere.  As  it  is,  the  noxious 
carbonic  acid  fram  our  lungs,  the  deleterious  fumes  from  onr 
factories,  and  the  miasmatic  emanations  from  the  marshes,  are 
rapidly  spread  through  the  atmosphere  and  rendeied  harmless  by 
extreme  dilution,  until  they  can  he  removed  by  the  beneficent 
means  appointed  for  this  end.  Moreover,  tlie  more  they  differ 
in  density  from  the  air,  and  the  more,  therefore,  they  would  tend 
to  separate  from  it,  the  stronger  is  the  force  by  which  they  are 
compelled  to  mis.  "Were  it  not  for  this  provision  in  the  consti- 
tution of  gases,  theie  injurious  sulistances  would  remain  where 
tliey  were  formed,  and  might  produce  the  most  disastrous  conse- 
quences. If  we  consider,  also,  the  oxygen  and  nitrogen  of  which 
tlie  atmosphere  essentially  consists,  they  differ  in  density  in  the 
proportions  of  1105  to  971 ;  but  yet  they  are  so  perfectly  mixed, 
that  the  most  accurate  chemical  analysis  has  been  able  to  detect 
no  difference  between  the  air  brought  from  the  top  of  Mont 
Blanc  and  that  from  the  deepest  mine  of  Cornwall.  "Were  the 
force  of  diffusion  much  less  than  it  is,  these  two  gases  would  sep- 
arate partially,  and  the  atmosphere  be  unfitted  for  many  of  its 
important  functions. 
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Bunscn  *  who  has  more  recently  studied  tbo  phenomena  of 
gaseous  diffusion,  has  obtained  results  which  do  not  coincide  with 
the  simple  law  discovered  by  Graham,  and  enunciated  above. 
The  discrepancy  between  the  results  of  these  two  eminent  observ- 
ers probably  arises  from  the  great  thickness  of  the  plaster  dia^ 
phragm  in  the  apparatus  used  by  Bunsen ;  in  consequence  of 
which  the  phenomena  of  diifusion  were  modified  by  those  of 
transpiration.  Compare  (213).  The  same  must  be  true,  to  a 
certain  extent,  of  the  diffusion-tube  of  Graham ;  and  the  esperi- 
mental  results  will  probably  approach  the  law  in  proportion  as 
the  thickness  of  the  diaphragm  is  diminished,  actually  coinciding 
with  it  only  wlien  the  diapliragm  is  entirelyremoved  and  the 
gases  expand  freely  into  each  other. 

(215.)  Passage  of  Gases  throngh  Membranes.  ~  If  a  bladder 
half  filled  with  air,  and  having  its  mouth  tied,  is  passed  up  into 
a  bell-glass  of  carbonic  acid  standing  over  water,  it  will  become, 
in  the  course  of  twenty-four  hours,  fully  distended,  and  may  even 
burst,  owing  to  the  passage  of  carbonic  acid  gas  through  the 
pores  of  the  bladder.  This  is  not,  however,  a  simple  phenom- 
enon of  diffusion,  since  the  carbonic  acid  enters  the  bladder  as  a 
liquid  dissolved  in  the  water  permeating  the  substance  of  the 
membrane,  and  evaporates  from  the  inner  surface  of  the  bladder 
like  any  other  volatile  liquid.  A  similar  transfer  takes  place 
with  a  jar  of  gas  standing  on  the  shelf  of  a  pneumatic  trough. 
The  water  dissolves,  to  a  slight  extent,  the  gases  of  the  atmos- 
phere, which  subsequently  evaporate  into  the  jar,  wliilo  at  the 
same  time  the  gas  in  the  jar  slowly  passes  out,  in  a  similar  way, 
into  the  atmosphere.  For  this  reason,  gases  confined  over  water 
cannot  be  kept  pure  for  aiiy  length  of  time.  Analogous  phenom- 
ena have  been  observed  with  membranes  of  india-rubber,  a  sub- 
stance which  has  the  power  of  absorbing  many  gases  to  a  remark- 
able extent,  especially  those  which  are  more  easily  liquefied.  It 
is  probable  that  the  gases  are  always  liquefied  in  the  india-rubber, 
and  pass  through  it  in  this  condition,  evaporating  subsequently 
on  the  interior  surface  of  the  membrane.  A  similar  absorption 
must  talce  place,  to  a  gi-eater  or  less  extent^  with  any  diaphragm ; 
even  with  plaster  of  Paris  it  is  appreciable,  and  slightly  modifies 
the  experimental  results  of  diffusion. 

*  Biiiisen's  Gasometry,  p.  198. 
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rnOBLEMS. 


Capillarity. 


In  solving  these  problems,  tlio  student  will  use  the  data  gircn  in  the  labia  on  pagn 
361 ;  if  tlie  diameter  of  tlie  lube  is  less  than  half  a  millimetre,  [126]  majf  be  em- 
ployed, bnt  if  greater  than  this,  [129]  should  be  used, 

240.  Eequired  the  height  to  which  watei'  ■will  rise  in  tubes  of  the  fol- 
lowing diameters,  when  the  temperature  is  15°  :  1  m.  m. ;  0.562  m.  m. ; 
0.012  m.  m. ;  2.56  m.  m. ;  and  0.001  m.  m.  Calculate,  also,  the  heights 
for  10°,  50°,  and  80°. 

241.  Required  the  height  to  which  oiive-oil  will  rise  in  a  tube  0.25 
m.  m.  in  diameter,  at  the  temperature  of  75°.  Calculate  the  heights  to 
which  oil  of  turpentine,  alcohol,  and  sulphuric  acid  will  rise  under  the 
same  circumstances. 

242.  Required  the  height  to  which  water  will  rise  between  two  glass 
plates  which  are  maintained  parallel  to  each  other  at  a  distance  of  0.25 
m.  m.  How  high  would  ether  and  alcohol  rise  under  tiie  same  circum- 
stances ?     The  temperature  is  assumed  to  he  0°. 

24S.  Two  glass  plates,  15  c.  m.  broad,  united  by  hinges  at  one  side,  and 
opened  at  the  opposite  side  so  as  to  admit  a  wire  1.5  m.  m.  in  diameter, 
are  placed  upright  in  a  dish  of  water ;  required  the  height  to  which  the 
water  will  rise  at  the  following  distances  from  the  line  of  intersection  of 
the  two  planes  measured  on  the  line  of  contact  of  the  water  level  with  one 
of  them:  l.cm.j  3c.  m.;  Scm.;  andlOc.m.  (See  Figs.  323  and  325.) 
The  temperatm'e  is  assiuned  to  be  0°. 

244.  A  small  glass  bell,  provided  at  the  top  with  a  capillary  tubulature 
0.2  m.m.  in  diameter,  is  immersed  in  water  with  its  mouth  downwards. 
How  high  can  the  top  of  the  bell  be  raised  above  the  surface  of  the 
wafer  before  air  will  begin  to  enter  the  bell  fbi-ough  the  capillary  tube, 
measuring  the  distance  from  the  base  of  the  tube  ? 

245.  If  the  bell  of  the  last  example  is  pressed  under  mercury  with  its 
top  downwards,  when  will  the  mercury  begin  to  enter  the  bell  ? 

SoliihiUty. 

246.  How  much  sulphate  of  potash  do  100  parts  of  water  dissolve  at 
100°  ?  at  50°  ?  and  at  10°  ?  How  much  chloride  of  potassium  and  how 
much  chloride  of  barium  do  100  pacts  of  water  dissolve  at  the  same 
temperature  ? 

247.  Calculate  how  much  nitre  and  how  much  nitrate  of  baryla  100 
parts  of  water  dissolve  at  the  following  temperatures  :  5° ;  10° ;  50° ; 
and  100°. 

248.  Determine  from  the  data  given  on  page  366  the  empirical  formula 
which  expresses  the  sulubility  of  nitre  in  water,  and  also  consti'uct  its 
curve  of  solubility. 
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249.  Determine  fi'om  the  data  given  on  page  375,  in  eoliimn  (7,  the 
empirieal  formula  for  anhydrous  sulphate  of  soda,  and  also  construct  ita 
curve  of  solubility. 

250.  Determine  the  formula  and  curve  of  NaO,  SOs- 10  HO,  and  also 
of  Na  0,  SO3 .  7  HO,  from  Ihe  data  given  in  columns  F  and  H  of  page 
375. 

251.  Determine  the  formula  and  curve  of  Na  0,  CO, .  10  IIO ;  of 
Na  0,  COj  .  7  HOb  ;  and  of  Na  O,  00^  .  7  HOa,  fram  the  data  given  in 
columns  B,  D,  and  G  on  page  377. 

252.  A  saturated  solution  of  crystallized  carbonate  of  soda  was  pre- 
pared at  25° ;  of  this  solution,  52.3G4  grammes  were  evaporated  to  dryness 
in  a  glass  flask,  and  the  residue  was  found  to  weigh  11.614  grammes. 
"What  is  the  solubility  of  the  salt,  assuming,  first,  that  the  solution  con- 
tained Na  O,  CO, ;   and  secondly,  that  it  contained  Na  O,  CO^  -  10  HO  ? 

253.  A  saturated  solution  of  Glauber's  salts  was  prepared  at  50°.4 ;  of 
this  solution,  45.232  grammes  were  evaporated  to  dryness,  and  the  residue 
found  to  weigh  14424  grammes.  What  is  the  solubility  on  the  assump- 
tions :  first,  that  the  solution  conlains  Na  0,  CO^ ;  secondly,  that  it  con- 
tains NaO,CO,.10HO? 

Sohuion  of  Gases. 

254.  Determine  the  quantity  of  carbonic  acid  gas  absorbed  by  500  cTm^' 
of  water  at  the  temperature  of  15°,  when  the  pressure  of  the  gas  on  the 
surface  of  the  liquid  is  76  cm.  Calculate  also  tlie  quantity,  when  the 
pressure  of  the  gas  is  72  c.  m. 

255.  In  the  following  table  are  given  for  each  gas,  first,  the  volume  of 
water,  secondly,  the  temperature,  and,  thirdly,  the  pressure  exerted  by  the 
gas.     Determine  the  quantity  of  gas  absorbed  in  each  case. 

V.  i.  u. 

Nilrogon, 1,240  rS;'         10°  75  c:.  m. 

Oxygen 680    "  20  78    " 

Salphida  of  Hydrogen,         ...       560    "  5  56     " 

Snlphuvons  Acid,      ....  240     "  15  24     " 

Ammoniil, 1,500    "  24  10    " 

256.  Determine  the  quantilieB  of  the  different  gases  which  would  dis- 
solve in  alcohol  under  the  conditions  ^ven  in  the  last  problem. 

257.  Prepare  a  table  of  the  solubility  of  sulphide  of  hydrogen  in  water 
for  every  five  degrees  between  0°  C.  and  45°  C.  from  the  following  inter- 
polation formula :  — 

0"=  4.S706  —  0.083687;  -f  0.0005213):2. 

258.  Prepare  a  table  of  the  solubility  of  ammonia  in  water  for  eveiy 
five  degrees  between  0°  and  30",  from  the  following  formula :  — 

0=  1049.G3  —  29.49G(  -f  0.67687(2  _  0.0095B2I  A 
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259.  Determine  an  i 

lowing  tliree  } 

ases  fron: 

CKbomo  Oiide 

mW^W. 

NO.           ,=  €. 

^f^alT* 

1.             5.8 

0.028636 

2,             8.6 

0,027125 

3.             9,0 

0.026855 

4.           17.4 

0.023854 

5.           18.4 

0.023147 

6.          22.0 

0.022907 

interpolation  formula  for  tho  solubility  of  the  fol- 
tlie  data  given :  — 

Bulphiae  of  Ilyilrogcn 


0,06916 

1.            1 

0         17. 

0.06847 

2.           4 

)         15, 

0.067  fiS 

3.            7 

5         13. 

0.06726 

4.         10 

6         11. 

0.06668 

5.         17 

6           8. 

0-06633 

6.         22 

0           6. 

2,  3,  4,  5 ;  and  4,  5,  6. 

260.  An  experimeat  made  by  Dr.  Pauli  with  a  gas  prepared  by 
heating  the  acetate  with,  hydrate  of  potash,  and  carefully  freed  from  elayl 
and  carbonic  acid  with  fuming  sulphuric  acid  Eind  potash,  gave,  with  the 
absorption-meter,  the  following  elements  for  calciilating  the  coefficient  of 
absorption. :  — 

Original  yolume  of  goa  rediteed  toO°,  .         .         ,     116.42  JTm;' 

The  pressure  on  this  volume, 50.65  c.  in. 

Volume  of  gaa  reduced  to  0°  after  absorption,    .        .        .      75.18  JTS^' 

Corresponding  pressare, 66.15  c,  m. 

Voluma  of  absorbing  water, 318.11  ^m.* 

Temperature  of  absorption-meter, ia°,8 

Required  the  coefficient  of  absorption  at  -j-lS^.S  C. 

261.  Given  the  percentage  composition  of  flie  following  gaseous  mix- 
tures, and  it  is  required  to  determine  the  composition  of  the  gaa  absorbed 
by  a  limited  quantity  of  water  or  alcohol ;  the  amount  of  the  mixture  is 

d  to  be  indefinite. 


262.  Assuming  that  the  percentage  compositions  given  in  the  last  prob- 
lem are  those  of  the  dissolved  gas,  whether  in  water  or  alcohol,  required 
the  percentage  composition  of  flie  gaseous  mixture. 

263.  It  is  required  to  determine  the  absolute  volumes  of  carbonic  acid, 
carbonic  oxide,  and  nitrogen  absorbed  by  500  ^7m^^  of  water  from  a  mix- 
ture of  the  three  gases  having  the  following  composition,  and  also  the  per- 
centage composition  of  the  gas  dissolved.  It  is  assumed  that  the  aniount 
of  the  mi:^iire  is  indefinitely  great,  and  that  it  eserta  a  pressure  on  the 
water  equal  to  76  c  m. 

Carfroaic  Acid, 25,03 

Carbonic  Oxide, 29,97 

Kitrogen, 45.00 

264.  Solve  tlie  last  problem  for  alcohol,  instead  of  water. 
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205.  Dotciinine  the  composition  of  a  mixtm-e  of  hydrogen  and  carbonic 
aeid  from  the  following  data,  obtained  with  an  absorption -meter.  Calcu- 
late, also,  the  composition  of  the  gas  remaining  unabsorbed. 

Volume  Pressure.  Temp. 

»t  0°,  0.  m.  , 

Gas  before  absorptloii,      ....     119.03  49.-^1  6.8 

Gas  after  absorption,    ....  75.71  60.20  23.3 

266.  Det«rmine  the  composition  of  a  mixture  of  carbonic  acid  and  car- 
bonic oxide  from  the  following  data,  and  calculate  tlie  composition  of  the 
g  unabsorbed. 


Gas  before  absorption,      ....    500.8            57,60  19,0 

Gas  after  abBOrp'tion,      ....         283,3             74.15  19.0 

267.  Determine  the  coefficient  of  absorption  of  nitrogen  in  wa 
19°  0.  from  the  following  data,  obtMned  with  an  absorption-meter. 

I.  Oi/servatwns  bejbre  tJte  Absorption. 

Lower  snriace  of  mercury  in  onfer  cylinder,    ....  42.36  c. 

Upper  eurfaeo  of  mercury  in  absorption-lQbc,      .        .        .  12,41     ' 

Barometer, 74,G9    ' 

Tomperatare  of  cho  absorption-meter, 1  B'.a 

"               "      barometer, 19",0 

Volnme  of  gas  corresponding  fo  dirision  of  tutie  12,41,       .  34.90  ^,i 

B.  &isfrvolioR3  after  the  Absorption. 

Lower  surface  of  mercury  in  the  outer  cylinder,      .        .        .  35.23  c. 

Upper  surface  of  mercury  in  absorption-tube,      .        -        .  35.07     ' 

"          "        "  water  in  absorption-tube,      ....  6.55     '' 

"          "        "      "     in  outer  cylinder,      ....  0,80    ' 

Barometer, 74.63    ' 

TemperatQte  of  tlie  absorption-meter,          ....  19°.0 

"               "      barometer, 18°, 9 

Volnme  of  gas  corresponding  to  division  of  tube  6,S5,       .  17,67  e. 
"                 "                 "                  "       35.07,  .         .  200,04     ' 


268.  Determine  the  specilic  gravity  of  hydrogen  from  the  following 
dafa :  time  of  effusion  of  air,  105".5 ;  that  of  the  same  Yolume  of  hy- 
drogen, 29".7. 

269.  Determine  the  specific  gravity  of  oxygen  from  the  data,  time  of 
eifusion  of  air,  102".5  ;  time  of  effusion  of  oxygen,  108".5. 

270.  Detennine  the  specific  gravity  of  carbonic  acid  from  the  data, 
time  of  effusion  of  air,  102".7 ;  that  of  carbonic  add,  127". 

271.  Determine  the  specific  gravity  of  a  mixture  of  hydrogen  and  oxy- 
gen from  the  data,  time  of  effusion  of  air,  117,9;  that  of  the  mixed  gases, 
75.4 

*  Tlicso  Jieiglits  ate  measured  on  tlic  scale  of  tlii;  absorption -tube,  counting  from 
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All  natural  substances  are,  in  certain  conditions,  capable  of 
producing  on  our  bodies  peculiar  sensations,  which  we  designate 
by  the  words  heat  and  cold.  These  sensations  may  result  from 
direct  contact  with  tlie  substance,  as  when  we  touch  a  heated 
store  ;  or  they  may  be  produced  at  a  great  distance  from  it,  as 
when  we  are  warmed  by  the  radiation'  from  burning  fuel  or  by 
the  rays  of  the  sun.  The  agent  which  produces  these  effects, 
and  wliich  is  evidently  distinct  from  tlie  substance,  we  term  heat. 
In  regard  to  the  nature  of  heat  we  have  no  absolute  knowledge. 
Two  different  theories  are  current  among  philosophers  in  regard 
to  it.  According  to  one  theory,  it  is  an  imponderable  agent, 
filling  all  space,  for  which  substances  have  different  affinities,  and 
which  may  be  transferred  from  one  to  another,  either  by  contact, 
or  by  an  actual  emission  of  material  particles  through  space. 
The  effects  of  heat  ai-e  supposed  to  result  from  an  excess  or  a 
deficiency  of  tliis  agent.  The  second  theory  admits,  like  the 
first,  tlie  existence  of  an  imponderable  fluid,  which  is  supposed  to 
pervade  all  space,  penetrating  through  even  flie  densest  sohds  ; 
but  it  refers  the  effects  of  heat  to  vibrations  in  tliis  medium,  those 
substances  being  the  warmest  in  wliich  these  vibrations  are  most 
rapid,  or  have  the  greatest  amplitude. 

Some  of  the  phenomena  of  heat  are  best  explained  by  tlie  first, 
and  some  by  the  second  of  these  theories.  Those  with  which  we 
shall  have  chiefly  to  deal  in  this  work  will  be  the  most  clearly 
understood  by  using  the  language  of  the  first  tlieory,  according 
to  which  heat  is  a  material,  although  an  imponderable  agent, 
capable  of  being  transferred  from  one  substance  to  another  and 
of  being  measiired  with  accuracy,  and  therefore  an  agent  to 
which  all  the  terms  relating  to  quantity  are  strictly  applicable. 

(216.)  The  Action  of  Heat  on  Matter.  —  The  mechanical 
effects  of  heat  on  matter  may  be  aU  explained  by  assuming  that 
heat  acts  as  a  repulsive  force  between  the  particles,  and  therefore 
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opposes  the  attractire  force  of  cohesion.  The  first  effect  of  heat 
on  matter,  in  either  of  its  three  states,  is  to  expand  it.  This 
may  be  illustrated  by  a  great  variety  of  familiar  facts  and  experi- 
ments. A  ball  of  metal,  which  exactly  (its  a  ring  when  cold, 
will  not  pass  through  it  when  heated.  The  parts  of  a  wheel  are 
bound  together  by  the  contraction  of  the  tire,  which  is  put  on 
while  hot.  Clocks  go  slower  in  summer  than  in  winter,  because 
the  pendulum  is  lengthened  by  the  heat. 

Different  substances  expand  unequally  for  the  same  increase  of 
temperature.  "We  estimate  the  expansion  either  by  measuring  the 
increase  of  length  or  the  increase  of  bulk.  The  first  is  called  the 
linear  expansion,  the  second  the  cubic  expansion.  In  the  case  of 
solids  we  generally  measure  solely  the  linear  expansion,  while 
in  tlie  case  of  liquids  and  gases  we  as  generally  measure  solely 
the  cubic  expansion.  The  one,  however,  can  easily  be  calculated 
from  the  other,  since  tlie  cubic  expansion  is  about  tliree  times  as 
great  as  the  linear  expansion.  The  following  table  will  give 
an  idea  of  the  amount  of  expansion  in  diiferent  substances, 
and  will  show  that  gases  expand  very  much  more  than  liquids, 
and  liquids  very  much  more  than  solids. 

Between  the  Freezing  and  Boiling  Points  of  Water : 


A  I'od  of  ^inc  incrci 

ases  ill  leii; 

Sth  Tsi^, 

thatj 

?,  323  0.1 

m.  become  324. 

lead 

" 

3il- 

" 

351     " 

352. 

"        tin           " 

" 

T+^' 

516     " 

«        517. 

silver       " 

" 

^hr„ 

" 

624     " 

o25. 

"         glass  (croT 

m) 

tAs. 

1142     '■ 

"      1143. 

Alcohol    increases    i 

a    volume 

h        1 

Jiat  is 

,      S  cT^ 

^     become    10. 

Water            " 

" 

sV, 

" 

23     " 

24. 

Mercmy 

uV. 

" 

55     " 

56. 

Air  aiid  (he  jiermancnt  gases  expand  ^,  that  is,  30  e.  m,'  become  41. 

Before,  however,  we  study  the  phenomena  of  expansion  in 
detail,  it  is  important  to  examine  the  various  means  by  which  the 
effects  of  expansion  are  used  as  a  measure  of  temperature. 
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THERMOMETEKS. 


(217.)  Mercurial  Thermometer.  —  It  is  obvious  that  we  miglit 
use,  as  tlie  measure  of  temperature,  the  effect  caused  by  heat  in 
expanding  either  solids,  liquids,  or  gases,  and  thermometers 
have  been  constructed  of  each  of  these  three  forms  of  matter. 
The  expansion  of  solids,  however,  is  so  small,  and  that  of  gases 
so  diflScult  to  measure,  that  their  indications  are  not  available  for 
the  ordinary  purposes  for  which  a  thermometer  is  reqtiired ; 
while  liquids,  on  the  other  hand,  having  an  intermediate  degree 
of  expansibility,  and  their  changes  of  volume  being  readily  meas- 
ured, are  well  suited  for  thermometrical  uses.  Of  the  various 
liquids  which  might  be  employed,  mercury  is  much  the  best,  not 
only  on  account  of  tlie  great  range  of  temperature  between  its 
freezing  and  boiling  points,  b\it  also  because  its  increase  of  vol- 
ume is  very  nearly  proportional  to  the  increase  of  temperature. 

In  order  to  make  a  mercury  tliermometer,  a  capillary  glass  tube 
is  first  selected,  whose  bore  is  of  the  same  calibre  throughout,  so 
that  equal  lengths  of  the  tube  will  contain  equal  volumes  of 
mercury.  The  uniformity  of  the  bore  is  readily  tested  by  intro- 
ducing into  the  tube  a  small  amount  of  mercury,  and  moving 
this  slioi-t  column  gradually  from  one  end  to  the  other,  measuring 
its  length  in  each  successive  position.  This  should,  of  course,  be 
the  same  in  every  case ;  and  if  not,  the  tube  must  be  rejected. 

The  glass  tube  having  been  selected,  and  cut  off  to  the  required 
length,  a  bulb  is  blown  upon  the  end  by  the  usual  method  of 
glass-blowing,  using,  however,  an  india-rubber  bag  instead  of  the 
moutli,  in  order  to  avoid  moisture.  The  size  of  the  bulb  is  varied 
according  to  the  degree  of  sensibility  required  in  the  instrument ; 
bat  it  is  always  made  large  in  comparison  with  the  tube,  so  that 
a  slight  expansion  of  the  enclosed  liquid  will  cause  it  to  fill  a 
considerable  length  of  the  bore.  Tlie  form  of  the  bulb  may  be 
either  spherical  or  cylindrical.  Tlie  first  is  most  easily  made; 
but  the  last,  from  exposing  a  greater  surface,  is  more  readily 
affected  by  changes  of  temperature.  To  facilitate  the  introduc- 
tion of  the  mercury,  a  cup  is  sometimes  cemented  to  the  open 
end  of  the  tube,  although  a  paper  funnel  fastened  with  twine  will 
answer  every  purpose. 

The  tube  thus  prepared  is  now  easily  filled  with  mercury. 
Holding  the  tube  in  a  vertical  position,  we  pour  mercui-y  into  the 
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cup,  and  beat  the  Inilb  with  a  Limp  in  oi'dcr  to  expel  a  portion  of 

the  air.     On  removing  the  lamp  the  glass  soon  cools,  and  the 

mercury  is  forced  in  by  the  pressure  of 

tlio    atmosphere,    partially   filling   the 

bulb.     We  now  again  apply  the  lamp, 

as   represented  in  Pig.  340,  until  the 

mercury  boils  ;  and  continue  the  boil- 
ing for  several  mintites,  iu  order  that 

the  mercury  vapor  may  drive  o\it  all 

the  air  and  moisture.    The  lamp  is  then 

again    removed,   when    the    mercury, 

pressed  in  by  the  atmosphere,  descends 

and  fills  completely  the  whole  appara- 
tus.    The  cup  is  then  emptied  of  the 

excess  of  mercury,  and  the  tube  just 

below  it  drawji  out  to  a  narrow  neck 

in  the  flame  of  a  blowpipe,  when  the 

cup  may  be  broken  off. 

As  the  tube  is  now  filled  with  mer- 
cury, a  greater  or  less  portion  of  it 
must  be  removed,  depending  on  the 
range  to  be  given  to  the  instnunent. 
This  is  accomplished   by  heating  tho  Fig  s4o 

bulb  to  the  highest  temperature  which 

the  thermometer  is  expected  to  measure,  when  the  excess  of 
mercury  is  expelled  tlirough  the  minute  aperture  left  in  the  neck 
of  the  tube.  The  source  of  heat  is  now  withdrawn ;  and  the 
moment  tho  column  of  mercury  begins  to  descend,  the  flame  of  a 
blowpipe  directed  against  the  end  of  the  stem  hermetically  seals 
tlie  tube.     It  remains  then  only  to  graduate  the  instrument. 

(218.)  Graduation  of  the  Thermometer.  —  If  tlie  bore  is  uni- 
form, it  is  evident  that  the  rise  of  the  mercury  in  the  tube  will 
be  proportional  to  the  expansion,  so  that  we  have  in  the  ther- 
mometer an  instrument  with  which  we  can  measure  any  change 
of  volume  of  the  included  liquid ;  and  if  we  assume  that  the 
expansion  is  proportional  to  the  increase  of  temperature,  it  is 
evident  that  it  will  also  serve  as  a  very  delicate  measure  of  tem- 
perature. 

The  thermometer  is  always  graduated  by  means  of  two  fixed 
temperatures,  —  those  of  melting  ice  and  of  boiling  water.     The 
ST 
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bulb  and  the  portion  of  the  tuhe  filled  with  mercury  arc  first  aiir- 
rounded  by  pulverized  iee,  and  the  point  to  which  the  mercury  falls 
ib  marked  with  a  file  on  the  stem  (Fig. 
Sit)  Ihe  thermometer  is  next  iinmersed 
ni  bteam  escaping  freely  into  the  atmos- 
])here  and  the  point  to  which  the  mercury 
uses  maiked  as  before.  The  temperature 
of  fiee  steam  is  always  approximatively 
tlip  same  as  that  of  boiling  water,  and  even 
more  constant,  not  being  affected  by  many 
tiicumstances,  such  as  the  nature  of  the 
vessel  and  tlie  presence  of  impurities,  which 
miy  change  slightly  the  boiling-point. 

The  apparatus  represented  in  Figs.  342 
ind  343,  invented  by  Eegnault,  is  admi- 
1  ihly  adapted  for  fixing  tiie  boiling-point. 
Its    construction    is    suificiently    evident 
Fig  sii  fiom  the   drawing,  and  does  not,  there- 

fore, require  description.  The  steam  ris- 
ing fiom  the  loilng  water  circulates  in  the  direction  of  tlie 
anows  eseipm^  by  the  tube  D;  and  the  object  of  tlie  double 
envelope  i«  i  it-rely  t)  i  revcnt  the  steam  from  condensing  in  the 
innei  cjlmit,i  A 
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Since  tlie  temperature  of  boiling  water  and  of  tlio  steam  escap- 
ing from  it  varies  witli  the  atmospheric  pressure,  it  is  evidently 
essential  to  pay  regard  to  this  circumstance  in  graduating  the 
thermometer.  The  fised  point  adopted  for  the  graduation  is  the 
temperature  at  which  water  boils  under  a  pressure  of  76  c.  m. ; 
and  if  the  barometer,  at  the  time  of  graduation,  indicates  a  dif- 
ferent pressure,  it  is  necessary  to  make  a  coiTeetion  accordingly. 
This  correction  is  easily  calculated,  since  "Wollastou  determined 
that  tlie  boiling-point  of  water  increases  one  Centigrade  degree 
for  every  increase  of  pressure  measured  by  2.7  c.  m.  of  mercury 
column.  In,  determining  the  boiling-point  with  Eegnault's  ap- 
paratus, it  is  necessary  to  guard  against  any  accidental  variation 
of  pressure  in  the  interior ;  and  for  this  reason,  it  is  furnished 
witli  tlie  manometer-tube  m. 

Tlie  two  fixed  points  liaving  been  marked  on  the  tube,  the 
distance  between  them  is  next  divided  into  equal  parts,  called 
degrees.  Two  different  scales  ai'e  used  in  this  country.  In  the 
Centigi-ade  scale,  wliich  is  the  one  most  generally  used  for  scien- 
tific purposes,  the  distance  is  divided  into  one  hundred  degrees, 
which  are  numbered  from  the  freezing-point  of  water.  These 
divisions  are  continued  of  the  same  size  both  above  100°  aud 
below  0°,  the  last  being  distinguished  by  a  minus  sign ;  thus, 
— 10"  stands  for  ten  degrees  below  zero.  In  the  Fahrenheit  scale, 
■which  is  used  almost  exclusively  in  common  life,  the  distance 
is  divided  into  one  hundred  and  eighty  degrees,  which  are  num- 
bered from  a  point  tliirty-two  degrees  below  the  freezing-point  of 
■water ;  so  that  on  this  scale  the  freezing-point  of  water  is  at 
82°,  and  the  boiling-point  at  32°  -f  180°  =  212°. 

The  Falirenheit  scale  originated  with  an  instrument-maker  of 
Dantzic,  from  ■whom  it  is  named,  and  appears  to  have  been  based 
on  some  theoretical  ■views  in  regard  to  the  expansion  of  mercury 
which  have  long  since  been  forgotten.  It  is  supposed  that  the 
zero  was  chosen  as  marking  the  greatest  cold  which  had  been 
observed  at  Dantzic,  and  which  Falirenheit  regarded  as  the  greair 
est  possible.  We  are  now,  however,  able  to  reduce  tlie  tempera- 
ture of  bodies  at  least  one  hundred  and  fifty  degrees  below  the 
zero  of  Fahrenheit,  so  that  this  zero  is  far  from  marking  the 
greatest  possible  cold ;  moreover,  since  cold  is  merely  the  absence 
of  heat,  and  since  we  cannot  remove  all  the  heat  from  matter, 
we  can  never  expect  to  reach  the  absolute  zero.     Indeed,  the 
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whole  tlicrmoraetric  scalo  is  to  be  regarded  as  purely  arbitrary, 
and  may  be  compared  to  a  chain,  extending  indefinitely  botii  up- 
wards and  downwards.  We  select  some  point  on  the  chain,  and 
begin  to  count  the  degrees  from  tliat.  We  fix  the  length  of  our 
degrees  by  selecting  a  second  point,  at  a  convenient  distance 
above  the  first,  and  dividing  the  intei-vening  length  into  an  arbi- 
trary number  of  equal  parts.  Thus  all  is  arbitrary ;  and  there 
is  no  peculiar  virtue  in  the  two  points  which  have  been  chosen, 
other  than  that  they  can  be  easily  determined  ivith  accuracy,  and 
include  between  thom  the  range  of  temperature  with  which  we 
are  usually  most  concerned. 

The  Centigrade  scale  has  been  adopted  in  this  work,  not  only 
because  it  has  a  decimal  subdivision,  but  also  because  it  is  the  one 
most  generally  adopted  in  the  scientific  works  both  of  this  coiui- 
try  and  of  Europe.  At  the  end  of  the  book  there  ivill  be  found 
a  table  by  which  the  degrees  of  the  Centigrade  scale  may  be  con- 
verted into  tiiose  of  the  Fahrenheit.  This  reduction  can  easily 
he  made  mentally,  since  100°  C.  =  180°  F.,  or  5°  0.  =  9°  F. ; 
hence  F.'  =  |  0.'  +  32.  The  32  is  added,  because  the  zero  of 
Fahrenheit  is  32  Fahrenheit  degrees  below  the  zero  of  the  Centi- 
grade. An  easy  rule  for  mental  calculation  is.  Double  the  number 
of  Cent^rade  degrees,  subtract  one  tenth  of  the  whole,  artd  add 
thirty-two.  When  the  Centigrade  degrees  ai'e  below  zero,  thoy 
are  marked  with  a  minus  sign  ;  and  this  sign  miist  be  regarded 
in  using  the  above  rule. 

Besides  the  two  just  mentioned,  the  scale  of  Reaumur  is  also 
used  in  some  countries  of  Europe.  On  this  scale  the  distance 
between  the  freezing  and  boiling  points  of  water  is  divided  into 
eighty  equal  parts,  but  the  zero  is  the  same  as  on  the  Centigrade. 
It  is,  however,  never  used  in  this  country,  and  is  seldom  referred 
to  in  scientific  works. 

In  all  thermometers,  after  the  length  of  a  degree  has  been 
ascertamed  by  dividing  the  distance  between  the  freezing  and 
boiling  points  of  water  ijito  equal  parts,  the  divisions  are  con- 
tinued of  the  same  size  beyond  the  two  fixed  points  on  either 
side.  This  method  of  graduation  occasions  a  defect  in  the 
instrument  which  must  now  be  noticed. 

(219.)  Defects  of  the  Mercury  Thermometer.  —  It  will  be 
obvious,  from  a  moment's  reflection,  tb[Lt  wo  do  not  observe  in  a 
thermomotei-tubc  the  absolute  expansion  of  mcrciiry,  but  only 
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the  relative  expansion  as  compared  with  that  of  the  glass  biilh. 
Did  the  glass  expand  as  mueli  as  the  mercury,  the  column  of 
liquid  would  evidently  remain  stationary  at  all  temperatures. 
If  it  expanded  more  than  the  mercury,  an  increase  of  tempera- 
ture would  cause  the  column  to  fall.  In  fact,  the  expansion  of 
mercury  is  seven  times  greater  thin  thit  of  glass ;  so  that  its 
apparent  expansion,  when  enclosed  m  a  glass  vessel,  is  ahout  one 
BOTentli  less  than  the  absolute  expan'iion  The  rise  of  the  column 
of  mercuiy  in  a  thennometer-tube  is,  then,  a  mixed  effect  of  the 
expansion  of  the  enclosed  mercury  and  of  the  glass  envelope. 

It  is  further  evident,  that  tlie  whole-value  of  the  thermometer, 
as  a  measure  of  temperature,  rests  iipon  the  assiimption  that  the 
expansion  of  a  given  quantity  of  mercury  is  exactly  proportional 
to  tlie  amount  of  beat  which  enters  it.  If,  for  example,  a  given 
amount  of  heat,  entering  the  mercury  of  a  thermometer,  causes 
it  to  expand  0.001  of  its  volume,  and  consequently  to  rise  in 
the  stem  one  centimetre,  it  is  assumed  that  twice,  three  times, 
etc.  as  much  heat  will  cause  it  to  expand  0.002,  0.003,  etc.  of 
its  volume,  and  to  rise  in  the  stem  2,  3,  etc.  centimetres.  This 
asstmiption  is  not,  however,  absolutely  correct,  for  the  rate  of 
expansion  of  mercury  gradually  increases  with  tlie  tempera- 
ture; so  that,  in  the  example  just  cited,  twice  as  much  heat  will 
cause  the  mercury  to  expand  a  little  more  than  0.002,  and  three 
times  as  much  heat  a  little  more  than  0.003  of  its  original  vol- 
ume. Or,  to  talie  another  illustration,  let  us  suppose  that  a 
certain  amount  of  heat,  entering  the  mercury  of  a  thermometer, 
causes  Uie  column  to  rise  in  the  stem  one  centimetre,  which  we 
may  suppose,  in  a  given  case,  to  be  the  length  of  one  Centigrade 
degree ;  and  let  us  also  suppose  that  exactly  equal  amoimte  of 
heat  enter  the  same  thermometer  during  successive  intervals  of 
time.  If  tlie  rate  of  expansion  of  mercury  were  uniform,  each 
addition  of  heat  would  cause  the  mercury  to  rise  exactly  one 
centimetre  ;  so  that,  if  the  stem  were  divided  into  centimetres, 
each  of  these  would  indicate  the  same  accession  of  heat.  As  it 
is,  however,  tlie  addition  of  the  second  quantity  of  heat  causes 
the  mercury  to  rise  a  little  more  than  a  centimetre,  the  addition 
of  the  third  quantity  causes  a  rise  still  greater  than  before,  and 
so  on.  Hence,  in  order  that  the  degrees  of  the  thcrraometer 
may  indicate  equal  accessions  of  heat,  they  should  slowly  in- 
crease in  length  from  zero  up.  In  the  case  of  mercury,  tlie  rate 
37* 
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of  expansion  changes  so  slowly,  that  tho  increase 
in  the  length  of  the  degrees  would  Jiot  be  per- 
ceptible to  the  eye  within  the  usual  range  of  the 
sc^le  ,  Viit  if  the  thermometer  is  filled  with 
ivatei,  whose  rate  of  expansion  increases  very 
lapidly,  the  effect  becomes  very  evident.  The 
V.  ater  tliermometer,  represented  in  Pig.  344,  is 
10  giaduited   that   each  division  on  the  scale 

onesponds  tj  an  equal  amount  of  heat ;  and  it 
will  be  noticed  that  the  degrees  near  the  top  of 
the  scile  aie  several  times  longer  than  those 
near  the  zero  point.  This,  then,  is  an  exagger- 
ated representation  of  the  way  in  which  a  mer- 
cury thermometer  should  be  graduated,  in  order 
to  be  ppifectly  accurate;  the  length  of  the  de- 
_,iees  should  4owly  increase  from  the  zero  point 
up  In  practice,  however,  as  has  been  described, 
they  aie  made  of  the  same  length.  The  error, 
thus  caused,  is  not  important  between  the  two 
lixed  points ,  since,  by  dividing  the  given  dis- 
tance into  equal  parts,  we  obtain  a  mean  length 
In  the  degree,  which,  although  too  long  for  the 
dfgiees  near  the  freezing-point,  and  too  short 
for  the  degiees  near  the  boiling-point,  is  exact 
far  the  intei  mediate  degrees,  and  very  nearly 
correct  foi  ill  But  above  the  boiling-point  the 
^ime  IS  not  the  case  ;  for  while  the  degrees 
nniked  on  the  scale  have  the  same  length  as 
those  below,  the  true  length  of  tlie  degree  is 
constantly  increasing,  until  the  difference  be- 
come'<  vei}  considerable.  Hence  a  tliermometer 
above  the  hodmg-point  always  indicates  too  high 
1  tempt,iatuie  ,  and,  for  the  same  reason,  below 
tlie  frtezing  point  indicates  too  low  a  temperature. 
The  vilue  ot  the  mercury  thermometer  as  an 
iccurate  instrument  would  not  be  materially  im- 
pjii  ed  by  the  facts  stated  above,  since  it  would 
alwiys  he  possible  to  estimate  the  amoiint  of 
deviition  in  iny  case,  and  apply  tho  correction 
to  the  observed  results.    Unfortunately,  however, 
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its  indications  aro  also  affected  by  the  iineqnal  expansion  of  the 
glass  envelope.  It  so  happens  that  the  rate  of  expansion  of  glass 
increases  qnite  as  rapidly  as  that  of  mercury  ,  so  thit  the  error 
induced  by  the  increased  rate  of  expansion  of  meuuij  is  in  part 
corrected,  indeed  sometimes  over-corrected,  by  the  increasing 
capacity  of  the  glass  bulb.  Unfortunatelj ,  the  rate  of  expansion 
differs  very  considerably  in  different  kinds  of  gU'^s,  and  even  in 
the  same  glass  under  different  circumstances  ,  so  much  so,  that 
two  thermometers,  even  when  constructed  with  the  greatest  care, 
seldom  agree  for  temperatures  very  much  above  or  below  the 
fixed  points.  It  is  thus  evident,  that,  while  the  expansion  of 
the  glass  tends  to  correct  tlie  error  which  would  be  caused  by 
the  unequal  expansion  of  nierciiry,  it  nevertheless  renders  the 
indications  of  the  thermometer  uncertain  to  a  slight  extent,  and 
sufficiently  to  deprive  the  instrument  of  that  accuracy  which  is 
desirable  in  a  scientific  investigation. 

The  facts  stated  in  this  section  are  illustrated  by  the  following 
table,  from  the  well-known  memoir  of  Eegnault  *  on  tliis  subject. 

Comparison  of  Different  Thermometers. 


True  TedipBin- 

ssss. 

riiiit.gi!™. 

•^=i£l' 

CnefUctent  of  Ejpan- 

0° 

0 

0° 

0 

0.000  1790 

50.00 

49.fia 

50.20 

0.000  18  IS 

100.00 

100.00 

100.00 

100.00 

0.000  1830 

120.00 

120.33 

120.12 

119.95 

0.000  1850 

110.00 

140.78 

140.29 

139. S3 

0.000  1861 

160.00 

161.33 

160.52 

159.74 

0,000  1871 

180.00 

182.00 

1S0.80 

179.63 

0.000  1881 

200.00 

202.78 

201.26 

199.70 

0.000  1891 

220.00 

223.67 

221.82 

219.80 

O.OnO  1901 

240.00 

244,67 

242.S5 

239.90 

0  OOO  1911 

2-16.30 

246.30 

260.00 

263.78 

263.44 

260.20 

0.000  1921 

280.00 

287.00 

284.48 

280.52 

0.000  1931 

300.00 

308.34 

305.72 

301.08 

0.000  1941 

330.00 

B29.79 

327.25 

321.80 

0.000  1951 

3-10.00 

351,34 

349.30 

343.00 

0.000  1962 

Column  1  gives  the  temperatures  of  the  air  tliormometer  taken 
IS  the  standard,  wliich  may  be  regarded  as  very  close  approxima- 

*  Me'moires  de  I'lnstitat,  Tom.  XXL  pp.  239,  32S. 
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tions  to  the  trno  temperature.  Column  2  gives  the  corresponding 
temperatitres  which  would  bo  indicated  by  a  mercury  thermome- 
ter, graduated  in  tho  usual  -way,  if  the  glass  did  not  expand  at  all ; 
diowing  the  error  which  would  be  caused  by  the  varying  rate  of 
expansion  of  the  mercury  alone.  Column  3  gives  the  correspond- 
ing temperatures  indicated  by  a  mercury  thermometer  made  of 
flint-glass  (cristal  de  Choissy-le-Roi),  showing  that  this  error  is 
in  part  corrected  by  the  unequal  expansion  of  tlie  glass  bulb. 
Column  4  gives  the  corresponding  temperatures  indicated  by  a 
thermometer  of  crown-glass  (verre  ordinaire  de  Paris),  showing 
that  the  indications  of  thermometers  made  with  different  varieties 
of  glass  do  not  necessarily  accord.  Finally,  column  5,  giving  the 
coefficients  of  expansion  of  mercury  at  each  temperature  (250), 
is  added,  in  order  to  show  how  rapidly  the  rate  of  expansion  in- 
creases with  the  temperature. 

It  will  be  noticed  that  the  thermometers  agree  perfectly  at  the 
two  fixed  points  to  which  they  are  graduated.  Moreover,  be- 
tween these  two  points  the  differences  are  comparatively  small, 
since  from  the  very  method  of  graduation  the  errors  are  distrib- 
ut  d    1    t  al        100  tl     d"ff  1   tw        the  indications  of 

tl  ytlmnt  Itht        tp    atures  are  contin- 

u  lly  as  Tl  at         f    m  tl     t     e  temperature  in 

tj  f  tl     tl        t     1  tl     m  m  t     w  t!   ut  glass  are  very 

1  I     tl     fl    t    1       tl     m  n    t      tl      differences  are  less, 

b  th         y  t       f      p  f  m  -cury  is  partially 

t  d  bj  th  t    f  tl     giv        I     tl  f  the  crown-glass 

tl     m  m  t      tl  "^l  Ij      Tl  IS,  on  account  of 

th  k  1 1    1  w    f      p  -wb   1  glass  obeys,  keeps 

1  1       tl    tl  tl  m  t        p  to  246°.30,  at 

irl    1   J       t    t  1     w  tl    t    1    t    1         tl  s  point,  at  which 

t!   y     p      te  tl      1  ff  b  tw        tl     tw     rapidly  increase. 

It  w  11    1      b        t      1   tl   t  tl      Iff  b  tween  the  temper- 

t  d     t  d  by  tl     tl  t         f  fl    t  and  crown  glass 

a     q    t    1    g      alt  1    t  tl   t  th    1    t  are  greatly  to  be 

n    f       i  11  tf  tt  '^  nailer  differences 

ha      b  1     rv  d  1   tw        tl  t  de  of  varieties  of 

crown-glass  ;  but  they  are  not  of  practical  importance  when 
neither  of  the  varieties  contains  lead. 

The  facts  just  stated  wiU  bo  rendered  clearer  by  Pig.  345, 
which  is  a  geometrical  construction  of  the  results  given  in  the 
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table  on  page  439.  The  figures  on  the  horizontal  lino,  or  axis  of 
abscissas,  stand  for  the  temperatures  of  an  air  thermometer ; 
those  on  the  vertical  line,  or  axis  of  ordinates,  for  the  differences 


between  the  indications  of  this  thermometer  and  of  different 
mercury  thermometers.  The  curve  On  am  shows  the  varia- 
tions from  the  true  temperature  of  the  theoretical  thermometer 
without  glass ;  and  the  curves  Onac,  Onav,  On  as,  Onao, 
the  variations  of  thennometers  made  with  flint-glass  of  Choissy- 
le-Eoi,  green  glass,  Swedish  glass,  and  "  verre  ordinaire  de 
Paris,"  respectively.  The  anomaly  in  the  case  of  the  thermom- 
eter made  with  the  common  Pai-is  glass  is  beautifully  illustrated 
by  the  last  curve. 

(220.)  Change  of  the  Zero  Point.  —  Mercury  thermometers, 
even,  when  constructed  with  the  greatest  care,  are  liable  to  error 
from  another  cause,  which  cannot  be  so  easily  explained  as  the 
one  just  considered.  Tlie  zero-point  of  the  tl  ermomete  fre- 
qxiently  rises  on  the  scale,  the  displacement  amo  t  ng  at  t  mes 
even  to  two  degrees.  By  this  is  meant,  that  when  tl  e  tl  ern  om- 
eter  is  surrounded  by  melting  ice,  as  in  Fig.  341  the  mere  y 
will  not  sink  to  the  original  zero,  but  only  to  a  [  o  t  po  bly 
even  two  degrees  above  it.  According  to  Despietz  tl  s  chinge 
may  continue  for  an  indefinite  period  ;  and  it  is  tl  e  efo  e  por- 
tant  to  verify  the  position  of  the  zero-point  of  i  tl  ermometer 
before  using  it  in  an  observation  where  great  accuracy  is  required. 
If  the  point  has  been  displaced,  the  amount  of  tlie  displacement 
must  be  subtracted  from  the  observed  temperatiires. 

Besides  this  slow  rishig  of  the  zero-point,  sudden  variations  in 
its  position  have  been  noticed  after  the  thermometer  has  been  ex- 
posed to  a  higher  temperature.  These  variations  are  sometimes 
permanent,  and  at  other  times  merely  transient,  the  zero-point 
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returning  to  its  original  position  after  the  instrument  has  heen 
cooled  for  some  time.  All  these  facts  tend  to  show,  that  determi- 
nations of  temperature  with  a  mercury  thermometer  are  liable 
to  sources  of  error  which  cannot  always  be  guarded  against ;  ^  and 
it  is  therefore  best,  when  great  accuracy  is  required,  to  substitute 
for  the  mercury  thermometer  the  air  thermometer  of  Eegna\ilt, 
which  will  be  described  in  a  future  section. 

(221.)  Standard  TAemomeiers.  — The  causes  of  error  in  the 
mercurial  thermometer  already  noticed  arise  from  the  very  na- 
ture of  the  materials,  and  are  inseparably  connected  even  with 
such  instruments  as  have  lieen  constructed  with  all  tho  refine- 
ments of  modern  science.  Ordinary  thermometers  are  liable  to 
errors  of  constmction  of  a  far  greater  magnitude.  It  is  evident, 
from  the  theory  of  the  instrument,  that  unless  the  bore  of  the 
tube  has  the  same  calibre  throughout,  equal  increments  in  the 
volume  of  the  mercury  will  not  cause  an  equal  rise  of  the  column 
in  all  its  parts ;  and  the  indications  of  the  instrument,  graduated 
in  the  usual  way,  will  be  more  or  less  en-oneous.  Now  it  is 
seldom,  and  probably  never,  the  case,  that  a  thcrmometer-tubo 
has  an  absolutely  uniform  bore.  Hence,  in  making  a  standard 
instrument,  it  is  essential  that  the  tube  should  be  calibrated 
througliout,  and  the  size  of  the  degrees  proportioned  to  the  vary- 
ing diameter  of  the  tube.  This  is  done  by  introducing  a  short 
column  of  mercury  into  the  tube,  gradually  moving  it  from  one 
end  to  the  other  by  means  of  a  small  elastic  bag  tied  to  the  open 
mouth,  and  dividing  the  tube  into  lengths  equal  to  the  lengths  of 
the  mercury-column.  This  length  is  taken  so  short  that  the 
diameter  of  the  tube  may  bo  assumed,  without  appreciable  error, 
not  to  vary  throughout  the  short  distance;  and  when  the  tube  is 
graduated,  each  of  tliese  lengths  is  divided  into  the  same  number 
of  equal  parts. 

Eegnatilt,  who  has  very  greatly  improved  the  methods  of  grad- 
uating standard  thermometers,  uses  for  the  purpose  a  dividing 
engine,  similar  to  the  one  represented  in  Fig.  346,  which  is  con- 
structed by  M.  Duboscq,  of  Paris.  It  consists  of  the  iron  frame 
A  Q,  in  which  is  mounted  the  long  steel  screw  H.  This  screw 
is  confined  at  its  two  ends  by  brass  collars,  in  which  it  turns 
freely.  On  the  top  of  the  iron  frame  moves  the  carriage  B,  to 
which  the  tube  to  be  divided  is  fastened.  Motion  is  communi- 
cated to  this  can-iagc  by  the  screw  II,  which  plays  through  a 
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socket  fastened  to  the  under  side,  and  therefore  inTisiblc  in  the 
drawing.  By  turning  the  screw,  the  carriage  b,  and  the  tube 
fastened  upon  it,  are  moved  forward  under  the  graver,  a,  which 


is  attached  to  a  very  ingenious  apparatus  for  regulating  tlie 
lengths  of  the  division-lines,  making  every  fifth  and  tenth  lino 
longer  than  tlie  rest.  This  dividing  apparatus  is  supported  on 
the  upright  piece  of  iron,  P,  which  is  itself  firmly  fastened  to  the 
frame  of  the  engine. 

The  whole  value  of  the  apparatiis  depends  on  the  long  screw, 
which  is  made  with  great  care,  and  its  threads  so  adjusted  that 
one  revolution  moves  forward  the  carriage  exactly  one  milli- 
metre. Motion  is  communicated  to  the  screw  hy  the  handle  M, 
acting  through  the  cogs  m  and  n  on  the  broad  wheel  opr,  and 
tliis,  in  its  turn,  on  a  ratchet-wheel  fastened  to  the  head  of  the 
screw,  and  moving  within  the  first.  The  wheel  opr  cw.  revolve 
in  one  direction  independently  of  the  ratchet-wheel  and  the 
screw ;  but  when  turned  in  the  opposite  direction,  a  small  detent, 
fastened  to  the  inner  surface  of  its  rim,  catches  in  the  teeth,  and 
moves  the  ratehe1>-wheel  and  screw  with  it.  The  rim  of  the 
wheel  opr  is  divided  on  both  sides  into  degrees,  and  by  means 
of  a  set  of  stops  its  motion  can  be  limited  to  any  number  of  rev- 
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olutions,  or  to  any  fraction  of  a  revolution.  Let  us  suppose  tlmt 
the  stops  are  so  adjusted  that  tlic  wheel  opr  cau  turu  through 
two  revolutions  and  i^.  Starting,  then,  from  the  first  stop,  and 
turning  the  handle  M  until  the  motion  is  aiTested  hy  the  second 
stop,  the  screw  IT  wiU  he  revolved  twice  and  -^^s-  Consequently, 
the  carriage  B  will  be  moved  forward  2.54  millimetres.  On 
now  turning  the  handle  M  in  the  opposite  direction,  the  wheel 
opr  Tivill  ho  turned  bacli  to  its  iii'st  position,  without  moving  the 
screw,  and  then,  on  reversing  the  motion,  the  carriage  will  be 
moved  forward  2.54  m.  m.,  as  before,  and  so  on  indefinitely.  If 
at  each  advance  we  make  a  mark  with  the  graver,  a,  it  is  evident 
that  our  tube  will  he  divided  into  lengths  of  2.54  m.  m.,  or  into 
any  other  lengths  for  which  we  may  choose  to  adjust  the  stops. 

This  engine  may  also  he  used  for  measuring  the  length  of  di- 
visions already  made ;  only  for  this  purpose  a  small  microscope, 
furnished  with  cross-wires,  should  be  attached  to  the  upright,  P, 
at  the  side  of  the  graver.  The  microscope  havmg  been  adjusted 
so  that  the  cross-wire  is  just  over  the  first  mark  on  "the  tube,  and 
the  stops  which  limit  the  motion  of  the  wheel  opr  having  been 
removed,  the  handle  M  is  turned  until  the  cross-wire  is  exactly 
over  tho  second  mark,  the  observer  carefully  noting  the  number 
of  revolutions  and  fraction  of  a  revolution  required,  by  means  of 
an  index  provided  for  the  purpose.  Let  us  suppose  10.75  revo- 
lutions are  required  ;  then,  evidently,  the  length  of  the  division 
is  10.75  millimetres. 

In  using  the  dividing  engine  for  calibrating  a  thermometer,  the 
tube  is  adjusted  on  the  carriage  B  so  that  its  axis  shall  be  per- 
fectly parallel  to  the  axis  of  the  long  screw  H.  A  short  coliunn 
of  mercury  having  been  previoxisly  introduced  into  one  end,  tho 
length  of  this  column  is  carefully  measured  as  just  described, 
and  tlie  position  of  its  two  extremities  marked  with  a  fine  hair- 
pencil  on  the  tube.  Adjusting  the  cross-wire  of  the  microscope 
to  the  head  of  the  mercury-column,  this  is  next  pushed  forward 
in  the  tube  through  exactly  its  own  length.  The  length  is 
again  measured,  and  the  position  of  the  head  of  the  mercury- 
column  having  been  marked  as  before,  the  same  process  is  re- 
peated until  tlie  tube  is  divided  into  lengths  of  equal  capacity, 
and  their  value  known.  Each  of  these  lengths  is  next  to  be 
divided  into  the  same  number  of  equal  parts,  and  any  convenient 
number  is  selected,  which  shall  give  to  tiie  degrees  as  nearly  as 
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possible  tlie  size  required.  In  order  to  illustrate  tlie  method,  let 
us  siipposo  that  the  lengths  between  tlio  pencil-marka  are  respect- 
ively as  follows :  — 


and  tliat  it  is  decided  to  di^dde  each  lengtii  into  thirty  degrees. 
The  lengths  of  the  degrees  in  the  different  divisions  will  then  be, 
respectiyely, 

0.615  m-m.,     0.613  m.m.,     0.611  m.m.,     0.608  m-ni.,     0.605  m.m. 

This  calculation  having  been  made,  the  tube  is  covered  with  a 
Tarnish  such  as  is  used  in  etching,  and  the  stops  on  the  wheel 
op  r  (Fig.  346)  so  adjusted  as  to  limit  its  motion  to  0.615  of  one 
revolution.  The  point  of  the  graver  is  also  adjusted  to  the  first 
pencil-mark,  and  a  cut  made  through  the  varnish,  exposing  the 
glass.  The  handle  M.  is  now  tiirned  until  its  motion  is  arrested 
by  the  stop,  and  another  cut  made.  The  motion  of  the  handle 
having  been  reversed,  the  same  process  is  repeated  thirty  times, 
when  the  point  of  the  graver  will  have  reached  the  second  pencil- 
mark,  and  thirty  degrees,  each  0.615  m.  m.  in  lengtli,  are  marked 
on  the  tube.  The  adjustment  of  the  stop  must  now  be  changed, 
so  as  to  limit  the  motion  of  the  wheel  to  0.613  of  a  revolution, 
and  thirty  more  divisions  made ;  and  so  on  until  the  graduation 
is  completed,  when  the  tube  is  removed  from  the  engine,  and  the 
figures  wliich  serve  to  number  the  divisions  are  marked  iu  with 
the  hand.  It  only  remains,  now,  to  expose  the  tube  to  the  vapor 
of  fluohydrie  acid,  which  corrodes  the  glass  wherever  the  graver 
lias  exposed  its  surface,  and  subsequently  to  verify  the  work  by 
passing  another  column  of  mercury  through  the  tube.  This 
sliould  cover  the  same  number  of  divisions  in  any  position,  and 
will  do  so  if  the  graduation  has  been  carefully  performed. 

The  stem  of  the  tliermometer  thus  adjusted,  a  bulb  is  blown 
upon  the  cud,  or,  what  is  better,  a  cylindrical  reservoir  previously 
prepared  is  cemented  to  it  with  a  blowpipe.  The  capacity  of  this 
reservoir  must  be  proportional  to  the  size  of  the  tube,  and  to  the 
range  of  temperature  which  the  thermometer  is  intended  to 
cover.  Let  us  suppose  that  it  is  required  that  iV"  divisions  of 
the  thermometer  should  correspond  to  100°  C,  and  we  wish  to 
know  what  must  be  the  size  of  the  reservoir  for  a  given  graduated 
tube.     We  fii'st  weigh  the  tube,  both  when  empty  and  when  con- 
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taiiiiiig  a  column  of  mercury  -which  covers  an  observed  number  of 
diviaions.  This  gives  ns  the  'weight  of  mercury,  w,  occupying  n 
divisions  of  the  tube.  From  this  we  obtain  N — ,  t\m  weight  of 
mercury  -which  will  fill  iV  divisions,  and  by  [56]  iV-y^  ^^;, 
the  corresponding  volume.  But  this  volume  represents  the  ex- 
pansion -which  the  mercury  in  the  reservoir  of  our  proposed  ther- 
mometer must  undergo  when  heated  from  0°  to  100".  Now  -we 
tnow  that  the  apparent  expansion  of  mercury,  under  those  cir- 
cumstances, is  jV  of  its  volume  at  0°.  Representing,  then,  by  V 
the  unknown  volume  of  the  reservoir,  wo  shall  have 

and      r^GBN-^^^..     [155.] 


05  ~  -'*  n{£^.Gr.)  '     "  ~  n{Sp.Gr.) 

If  the  reservoir  is  spherical,  F=  ^  ?!  D',  from  which  we  can 
calculate  the  required  diameter  ;  and  if  it  is  cylindrical, 
F=s  ^  7t  D'  h,  from  which  we  can  approximatively  determine 
the  required  length,  A,  wlien  the  diameter  is  known. 

The  tube  and  bulb  are  now  filled  with  perfectly  pure  mercury, 
and  the  fixed  points  marked  upon  it  in  the  usual  way,  when  the 
thermometer  is  finished  and  ready  for  use.  The  divisions  marked 
upon  a  thermometer  so  constructed  are  not,  of  course,  degrees  of 
either  of  tlie  three  scales  mentioned  in  (218)  ;  but  it  is  always 
easy  to  calculate  from  the  indications  of  this  arbitrary  scale  the 
corresponding  degrees  of  the  Centigrade  scale.  We  ascertain,  by 
observation,  the  number  of  divisions  on  the  thermometer  between 
the  freezing  and  boiling  points,  which  we  may  represent  by  JV, 
and  also  the  n\imber  of  the  divisions  on  the  arbitrary  scale  corre- 
sponding to  the  freezing-point  (the  zero  of  the  Centigrade  scale). 
Represent  this  number  by  n,  the  degrees  of  the  Centigrade  scale 
by  C,  and  those  of  the  arbitrary  scale  by  A".  We  have,  then, 
JV=100°  C.,and  C°  =  -^  (jI" — n).  Suppose,  for  esamplo, 
that  there  are  354  divisions  on  the  arbitrary  scale  between  the 
fixed  points,  and  that  the  freezing-point  is  at  the  182d  division 
from  the  bottom  of  the  scale ;  and  let  it  bo  required  to  determine 
to  what  temperature  the  230th  division  corresponds  in  Centi- 
grade degrees.  We  shall  have,  G°  =  ^^J  (230  —132)  =  27.68. 
It  is  usual  to  prepare  a  table  for  each  thermometer  thus  con- 
structed, giving  the  temperature  in  Centigrade  degrees  corre- 
sponding to  every  division  of  the  tiibe. 


d  by  Google 


447 


The  scale  of  a  standard  thermometer  should  always  ho  en- 
graved on  the  glass  stem,  as  in  Fig.  347  ;  since,  if  it  is  engraved 
on  a  strip  of  metal  or  ivory  fastened  to  the 
tube,  the  expansion  of  the  scale  introduces  new  ^A 
sources  of  error  into  the  instrument.  It  is  also 
essential  for  a  good  standard,  tliat  it  should  in 
elude  the  hoiling  and  freezing  points  upon  its 
scale.  Where  a  large  range  is  required,  the 
great  length  which  this  involves  may  be  test 
avoided  hy  making  several  thermometers  with 
continuous  scales,  aiid  enlarging  the  tube  of  each 
instrument  at  those  parts  which  are  covered  bj 
the  scales  of  the  other  thermometers  of  the  set 
A  thermometer  so  constructed  is  represented  in 
Fig.  348,  although  the  enlargement  is  very  greatl} 
exaggerated.  It  is  possible  in  this  way  to  di 
vide  each  Centigrade  degree  into  twenty  parts 
and  yet  include  both  of  the  fixed  points  on  the 
scale. 

The  length  of  the  degrees  of  a  thermometer 
and  hence  its  sensibility  to  small  differences  of 
temperature,  depends  upon  the  size  of  the  rescr 
voir  aa  compared  with  that  of  the  tube,  and  can 
be  increased  by  the  maker  at  pleasure.  No 
advantage,  however,  is  gained  by  increasing  the 
length  of  the  degrees  on  tlie  stem  beyond  a  lim 
ited  extent ;  since,  on  account  of  the  imperfec 
tions  of  the  instruments  noticed  in  the  last  section,  it  is  useless 
to  subdivide  the  Centigrade  degree  into  more  than  twenty  parts, 
and  only  the  most  carefully  constructed  standards  will  bear  as 
great  a  subdivision  as  tliis.  Even  when  the  scale  is  graduated  to 
twentieths,  it  is  possible  for  a  practised  eye  to  estimate  the  hun- 
dredth of  a  Centigrade  degree. 

It  is  evident  that  the  smaller  the  absolute  size  of  the  bulb,  the 
more  rapidly  a  thermometer  will  be  affected  by  changes  of  tem- 
perature ;  and  hence  it  is  always  best  to  make  the  bulb  as  small 
as  circumstances  will  permit,  and  also  to  give  to  it  a  long  cylin- 
drical shape,  which,  for  the  same  volume,  exposes  a  much  greater 
surface  for  the  entrance  of  heat  than  a  sphere. 

Tlie  size  of  the  column  of  mercury  in  the  stem  of  a  thermom- 
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eter  is  so  small,  as  compared  with  that  of  the  stem  itself,  that  it 
is  essential,  in  order  to  avoid  the  parallax  caused  by  the  thick- 
ness of  the  glass,  to  place  the  eye  in  reading  on  a  level  with  the 
surface  of  the  column.  The  scale  of  a  delicate  thermometer  is 
always  best  read  through  the  telescope  of  a  cathetometer  (Fig, 
260),  placed  at  a  sufficient  distance  to  prevent  the  heat  of  the 
hody  from  affecting  the  instrument. 

(222.)  In  using  a  standard  thonuometcr,  it  is  important  to 
immerse  both  the  bulb  and  the  stem  in  the  medium  whose  tem- 
perature is  to  be  measured ;  for  if  the  stem  of  the  thermometer 
is  exposed  to  a  lower  temperature  than  the  bulb,  the  whole  of  the 
mercury  will  not  be  equally  expanded,  and  the  thermometer  will 
indicate  too  low  a  temperature.  Since  in  testing  the  tempera- 
ture of  a  small  quantity  of  liquid  this  complete  immersion  of  the 
tliermometer  is  impossible,  it  is  necessary  in  such  cases  to  add  to 
the  observed  temperature  a  small  correction,  which  becomes  very 
important  when  the  temperature  of  tlio  medium  greatly  exceeds 
that  of  the  air. 

In  order  to  illustrate  the  method  of  calculating  the  correction, 
let  us  suppose  that  the  thermometer  is  used  for  testing  the  tem- 
perature of  an  oil-bath ;  aiid  that,  while  the  bulb  and  a  portion 
of  the  stem  are  immersed,  the  greater  part  of  the  mercury- 
colunm  is  above  the  surface  of  the  liquid,  as  represented  in  Fig. 
401.  It  is  now  required  to  determine  how  much  higher  the  ther- 
mometer would  stand  if  the  whole  column  were  exposed  to  the 
same  temperature  as  the  bulb.  For  this  purpose,  we  will  repre- 
sent the  different  quantities  entering  into  the  calculations  as 
follows :  — 

X  =  the  unknown  temperature  of  the  bath. 

t"  =  the  temperature  indicated  by  the  thermometer. 

(['         ^  the  mean  temperature  of  the  mercury  in  the  stem,  ascertained 
by  pladng  in  contact  with  it  the  bulb  of  a  small  thermome- 
ter at  about  mid-height  of  the  column. 
ff  =  the  number  of  degrees  which  the  portion  of  the  mercury-column 

above  the  surface  of  the  bath  occupies  in  the  thermometer- 
tube. 
("— (1°=  the  difference  of  temperature  between  the  Ijulb  and  the  stem 
approximatively. 
It  is  evident  that,  if  the  temperature  of  the  mercury  above 
the  surface  of  the  bath  were  increased  t"  — t^",  the  thcraiometer 
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would  iudicate  the  true  temperature ;  so  that,  to  find  the  cor- 
rection required,  we  have  only  to  calculate  how  mucli  a  column 
of  mercury  measuring  6  degrees  on  the  scale  will  increase  in 
length  when  its  temperature  is  raised  f  — 1°.  The  apparent 
expansion  in  glass  of  a  given  volnrao  of  mercury,  amounting  for 
each  degree  of  temperature  to  ^^Vit)  will  amount  for  f  —  (1°  to 
L:il'    of  the  whole.     Hence,  a  quantity  of  mercury  which  fills 

6380  ,a  I  a 

one  degree  of  a  thermometer-tube  will  fill  1  +    ^oq-a-  degrees 

of  the  same  t\ibe  after  its  temperature  has  risen  f  —  W  ;  and  in 

like  manner  a  quantity  of  mercury  which  fills  $  degrees,  of  a 

thermometer-tube  will  fill,  after  the  same  rise  of  temperature, 

a  j_  g_(i_T"  '  J   decrees.     In  otlicr  words,  the  column  of  mer- 

'  6380  fl  ((° ( °1 

cury  above  the  surface  of  the  bath  would  rise   ^gago"       ^^- 

grces,  if  its  temperature  were  raised  to  that  of  tiic  batli.     This, 

then,  is  tlie  correction  required,  and  wc  have,  in  any  case, 

^  =  '•  +  %»'-■  PSOJ 

Since  the  mean  temperature  of  the  mercury-column  can  never 
be  accurately  determined,  there  is  always  an  uncertainty  in  re- 
gard to  the  value  of  the  correction  ;  and  it  is  therefore  best,  "wlion 
practicable,  to  avoid  tlie  necessity  of  any  hy  immersing  the  whole 
stem  in  the  bath. 

(223.)  A  thermometer  indicates  temperature  by  either  receiv- 
ing or  imparting  heat  until  its  own  temperature  is  the  same  as 
that  of  the  body  tested.  It  is  therefore  evident  that,  unless  the 
temperature  of  the  body  is  maintained  constant  by  accessions  of 
heat  fi-om  some  external  source,  a  tliermometer  will  give  correct 
indications  only  when  its  own  mass  bears  a  vory  inconsiderable 
proportion  to  that  of  t!ie  body.  This  very  obvious  fact  must  be 
carefully  borne  in  mind  while  using  tlic  instrument ;  and  when 
the  quantity  of  heat  which  the  thermometer  receives  or  imparts 
is  appreciable,  the  change  of  temperature  which  is  tlms  caused 
in  thfe  body  must  be  calculated,  and  the  observations  corrected 
accordingly.  The  student  will  be  able  to  devise  methods  by 
which  the  correction  can  in  any  given  case  be  estimated,  after 
studying  the  sections  on  Specific  Heat. 

For  furtiicr  information  in  regard  to  the  construction  and  use  of 


d  by  Google 


450 


CHEMICAL  PHYSICS. 


standard  thermometers,  we  would  refer  the  student  to  the  vol- 
time  of  memoirs  of  Regnault  already  noticed,  and  to  a  note  by 
J,  I.  Pierre,  pubUshed  in  the  Annates  de  Chimie  et  de  Physique, 
3"  Serie,  Tom.  I.  p.  428. 

(224.)  House  Thermometers. — The  scales  of  ordinary  ther- 
mometers are  graduated  on  strips  of  ivood,  metal,  or  ivory,  to 
which  the  tube  is  subsequently  attached  (Fig.  349), 
Such  thermometers  are  less  fragile  and  more  easily 
icid  than  those  graduated  on  the  stem,  and  at  the 
'^ime  time  are  sufficiently  accurate  for  determining 
tlip  temperature  of  a  bath  or  of  a  room,  and  for  most 
li'lW  ^"  teorological  observations.  They  are  not,  however, 
usually  graduated  from  the  two  fixed  points,  as  de- 
scribed in  (218),  but  by  comparison  with  a  standard 
thermometer.  For  this  purpose,  tlie  instrument  to  be 
graduated  and  the  standard  are  dipped  together  into 
a  bath  of  water.  Care  being  taken  to  maintain  the 
water  at  the  same  temperature  for  some  time,  the 
number  of  degrees  indicated  by  the  standard  is  then 
milked  on  the  stem  of  the  new  instrument  at  tlio 
l(_vcl  of  the  meicury-columii.  In  the  same  way,  by 
diingmg  the  temperature  of  the  bath,  several  other 
points  aie  deteimmed.  These  are  subsequently 
tiansferied  to  the  strip  on  which  the  scale  is  to  be 
'"I  engiaved,  and  the   distance  between  them  divided 

into  the  numbei  of  degrees  required. 

It  his  been  found  almost  impossible  to  maintain 
a  liquid  bath  at  the  same  temperature  in  all  its  parts 
toi  an)  length  of  time,  when  this  temperature  con- 
sideiably  exceedb  that  of  the  air ;  so  that  we  cannot 
le  LOitain  that  two  thermometers,  dipped  into  the 
batli  side  by  si  le,  have  been  exposed  to  exactly  the 
same  degiee  of  heat.  The  method  of  graduation 
juot  desciibed  ought  therefoie,  never  to  bo  used  for  an  instru- 
ment of  precision  but  it  is  -iufficiently  accurate  for  common 
house  theimometeis  These  m<itruments,  when  well  made,  may 
be  lelied  upon  to  within  a  Fahrenheit  degree  between  the  two 
fixed  point'. ,  but  beyond  thc^e  points,  and  especially  below  the 
freezing  point,  they  are  fiequently  very  erroneous.  Two  ther- 
mometers hanging  side  1  j  sidL,  which  have  been  made  by  the  best 
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makers  with  their  iisual  care,  will  not  iinfreqitently  differ  several 
degrees  when  the  temperatiirc  is  helow  0°  P., — -u  I'act  which 
accounts  for  the  great  discrepancies  in  the  observations  of  low 
temperatures. 

(225.)  Thermometers  filled  with  other  Liquids.  —  Mercury 
boils  at  360°  C.  and  freezes  at  — 40°,  and  the  range  of  a  mer- 
cuiy  thermometer  is  necessarily  confined  within  these  limits  of 
temperature.  Moreover,  near  its  freezing-point  the  rate  of  ex- 
pansion of  mercury  becomes  very  irregular,  and  its  indications 
cannot  be  relied  upon  below  —36°,  or  even  — 35°  C.  Degrees 
of  temperature  above  360°  are  measured  by  means  of  a  class  of 
instruments  called  pyrometers,  which  will  be  described  in  con- 
nection with  the  laws  of  expansion  of  solids  and  gases  ;  while 
for  temperatures  below  — 35°,  we  use  thermometers  filled  with 
alcohol,  or  other  Hquids  which  do  not  freeze  even  at  these  great 
degrees  of  cold. 

There  is  no  other  liquid  which  can  be  compared  with  mercury 
in  its  fitness  for  filling  thermometers.  The  great  range  of  tem- 
perature between  its  freezing  and  boiling  points,  the  fact  that  it 
does  not  adhere  to  the  surface  of  glass,  and  tliat  it  can  readily 
be  obtained  perfectly  pure,  are  all  circumstances  which  pecu- 
liarly adapt  it  to  thermometric  purposes.  It  is  true,  as  we  have 
seen,  that  the  rate  of  its  expansion  increases  with  tlie  tempera- 
ture ;  still,  between  the  two  fixed  points  the  change  is  so  slight 
that  the  indications  of  the  thermometer  are  not  perceptibly  af- 
fected by  it.  This  is  not  true  of  thermometers  filled  with  any 
other  liquid.  Such  thermometers,  when  graduated  on  the  same 
principle  as  the  mercury  thermometer,  give  results  which  are 
entirely  at  variance  both  with  it  and  with  themselves.  For  ex- 
ample, Deluc  obtained  tlie  following  comparative  results  with 
thermometers  filled  with  mercury,  oil,  alcohol,  and  water.  The 
numbers  in  the  same  vertical  column  of  the  table  are  the  tem- 
peratures indicated  by  these  several  thermometers  when  immersed 
in  the  same  bath. 


Mercury, 
Oil, 

Alcohol, 
Water, 


25.0 

50.0 

75.0 

24.1 

49,0 

74.1 

20.6 

43.9 

70.2 

5.1 

25.6 

57.2 
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Similar  results  were  also  obtained  by  M.  Pierre,  in  liis  very 
extended  inTestigation  of  the  expansion  of  liquids,  during  wliich 
he  compared  tliermometere  containing  twelve  different  liquids 
with  the  mercury  thermometer.  As  is  shown  by  the  above  tti- 
ble,  he  found  the  water  thermometer  the  most  defective.  Ther- 
mometers filled  with  alcohol  or  with  sulphide  of  carbon  gave 
less  erroneous  results  ;  but  of  all  the  liqxiids  he  examined,  com- 
mon ether,  chloride  of  etliyle,  and  bromide  of  ethyle,  were  least 
irregular  in  tlieir  rate  of  expansion,  and  are  therefore  best 
adapted,  after  mercury,  for  fllhng  thermometers. 

Nevertheless,  alcohol  thermometers  are  generally  used  for 
measuring  very  low  temperatures.  They  are  graduated  by  com- 
parison -with  standard  mercury  thermometers,  in  the  way  described 
in  the  last  section,  taking  care  to  have  a  large  number  of  points 
of  comparison,  which  should  he  as  near  together  as  possible.  But 
even  when  graduated  with  the  greatest  care,  such  thermometers 
do  not  give  indications  which  accord  with  each  other,  or  with  a 
mercury  thermometer.  Captain  Parry,  in  his  Arctic  voyages,  ob- 
served differences  of  10°  0.  between  alcohol  tliermometers  of  the 
best  makers;  and  similar  facts  were  noticed  both  by  Franklin  and 
by  Kane.  These  discrepancies  unquestionably  originated  in  part 
frdm  the  impurity  of  the  alcohol,  or  from  otlier  errors  of  con- 
struction ;  but  they  are  also,  to  a  certain  degree,  inherent  in  tlie 
thermometer  itself.  An  accurate  instrument  for  measuring  low- 
temperatures  is  still  one  of  tlie  great  desiderata  of  science.^ 

(226.)  Maximum  cmd  Minimum  Thermometers.  —  It  is  fre- 
quently desirable  to  have  tlie  means  of  determining,  without  the 
aid  of  an  observer,  the  highest  or  lowest  temperature  which  has 
occurred  during  the  night,  or  any  other  interval  of  time  ;  and 
for  this  purpose  a  great  variety  of  self-registering  thermometers 
have  been  invented.  One  of  the  simplest  is  that  of  Rutherford 
(Pig.  850).  This  consists  of  two  thermometers,  fastened  to  a 
plate  of  wood,  or  some  other  material.  The  tubes  of  the  ther- 
mometers are  bent  at  right  angles  just  above  the  bulbs,  as  rep- 
resented in  tlie  figure,  and  the  instniment  when  in  use  is 
suspended  by  a  cord,  so  that  the  two  stems  shall  be  in  a  horizontal 
position.  The  upper  tliermometer  is  filled  with  mercury,  and  in 
front  of  the  mercury-column  a  short  piece  of  iron  wire  is  placed 
in  the  tube  (seen  at  A) ,  which  is  pushed  forward  by  the  mercury 
and  left  at  the  highest  point  which  the  column  reaches,  thus  indi- 
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eating  the  maximum  temperature.  Tiie  lower  thermometer  is 
lilled  with  alcohol,  and  tlic  tube  contains  a  small  enamel  cylinder 
(seen  at  B),  surrounded  by  the  liquid.  As  the  alcohol  expands, 
it  readily  passes  by  the  enamel  cylinder ;  but  when  it  contracts, 


y\s.  350. 
the  cylinder  is  drawn  back  with  the  receding  column,  and  left  at 
tlie  lowest  point,  indicating  the  minimum  temperature  during  the 
same  period.  After  each  observation,  the  .enamel  cylinder  is 
brought  to  the  end  of  tlie  aJcohol-column  by  inclining  the  instru- 
ment ;  and  in  like  manner  the  iron  wire  is  restored  to  the  end 
of  tlie  mercury-column  by  means  of  a  magnet. 

The  iron  wire  in  the  tube  of  Rutherford's  maximum  tliermom- 
eter  is  liable  to  become  immersed  in  tlie  mercury,  if  the  instru- 
ment is  not  carefully  handled ;  and  when  this  accident  occurs,  it 
is  very  difficult  to  remedy  the  evil  without  refilling  the  tube. 
Negretti  and  Zambra  have  invented  a  maximum  thermometer 
which  is  not  open  to  the  same  objections.     Between  the  bend  d 


and  the  bulb  (Fig.  851)  they  insert  into  the  tube  of  the  tlu-r- 
mometer  a  small  rod  of  glass,  a  b,  which  nearly  fiUs  the  bore. 
When  the  mercury  expands,  it  pushes  by  this  obstruction ;  but 
when  it  contracts,  the  column  breaks,  leavmg  the  head  of  the 


d  by  Google 


454  CHEMICi-L  PHYSICS. 

column  at  the  highest  point  it  had  attained.  On  turning  the 
thermometer,  so  that  its  stem  shall  have  a  vertical  position,  the 
mercury  readily  passes  hack  to  the  bulb,  in  virtue  of  its  weight. 

Walferdin's  maximum  thermometer  is  represented  in  Fig.  352. 
It  is  made  like  an  ordinary  mercury  thermometer,  only  the  upper 
part  of  its  stem  is  surrounded  by  a  reservoir  containuig 
A  mercury,  which  is  so  arranged  tliat,  when  the  mstrument 
[  ,1  is  inverted,  tlie  end  of  its  tube  dips  under  the  mercury 
in  the  reservoir.  No  gi'aduation  on  the  stem  is  neces- 
sary ;  hut  before  tlie  instrument  is  to  be  used,  the  bulb 
must  be  heated  until  the  mercury  overflows  the  end  of  the 
tube.  It  is  then  inverted ;  when,  on  cooling,  the  mercury 
rises  from  the  reservoir  by  mechanical  adhesion,  com- 
pletely fiUing  tlie  stem.  If  the  thermometer  is  now- 
replaced  in  position,  its  bulb  and  tube  being  full  of 
mercury,  it  is  evident  that,  as  tlie  temperature  rises,  tlie 
mercury  will  gi-adually  flow  over  from  the  tube  into  the 
reservoir ;  and  when  tlie  temperature  subsequently  falls, 
the  mercury,  contracting,  will  leave  an  empty  space  at 
the  top  of  the  tube.  The  highest  temperature  to  which 
the  instrument  has  heen  exposed  is,  then,  that  at  which 
the  mercury  remaining  in  the  bulb  and  stem  just  fills 
them  both  completely ;  and  this  can  be  ascertained  by 
comparison  with  a  standard  tliermometer,  placing  both 

I  in  a  water-bath,  gradually  heating  it,  and  observing  the 
temperature  indicated  by  the  standard  when  the  mercu- 
rial column  reaches  the  top  of  the  stem. 
The  same  principle  has  been  applied  by  Walferdin  for 
m.m.  measuring  very  small  differences  of  temperature.  The 
thermometer  for  this  purpose  may  be  constructed  in  pre- 
cisely the  same  way,  only  it  is  made  extremely  sensitive,  so  that 
an  expansion  corresponding  to  four  Centigrade  degrees  would 
raise  the  mercury-column  through  tlie  whole  length  of  the 
stem.  The  stem  is,  moreover,  very  carefully  graduated  into 
parts  of  equal  capacity,  each  division  corresponding  to  a  very 
small  fraction  of  a  degree.  To  show  how  tliis  thermometer  is 
used,  let  us  suppose  that  we  wish  to  observe  tlie  temperature  at 
which  water  boils  under  different  atmospheric  pressures,  where 
the  whole  possible  variation  is  between  101°  and  98°.  We  should, 
in  the  first  place,  expose  the  instnunent  to  a  temperature  of  101°, 
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as  indicated  by  a  standard  tliermometer,  and  wait  until  the  ex- 
cess of  mercury  had  overflowed  into  the  upper  reservoir.  On 
now  allowing  the  temperature  to  fall,  the  mercury-column 
will  rapidly  sink  in  the  tube,  and  at  97°  will  already  have  ^ 
receded  into  the  bulb.  The  tliermometer  is  now  in  con- 
dition to  measure  with  great  accuracy  differences  of  tem- 
peratm-e  between  98°  and  101° ;  and  in  like  manner  it 
may  be  adjusted  to  any  other  range  of  four  degrees.  If, 
for  example,  the  division  on  the  stem  correspond  to 
thousandths  of  a  Centigrade  degree,  and  we  observe  a 
difference  in  the  boiling-point  of  water  under  two  differ- 
ent pressures  equal  to  fifteen  of  tliese  divisions,  we  con- 
clude that  the  temperature  is  0.015  of  a  degree  higher 
in  one  case  than  in  the  other.  Since  the  quantity  of 
mercury  wiiich  forms  tlie  thermometer  differs  with  the 
range  of  tlie  instrument,  it  is  evidently  necessary  to  de- 
termine the  value,  in  fractions  of  a  Centigrade  degree,  of 
one  of  its  divisions  after  each  adjustment.  The  form  of 
reservoir  represented  in  Fig.  352  is  difficult  to  make,  and 
there  is  generally  substituted  for  it  a  simple  enlargement 
of  the  upper  end  of  the  tube,  £^  represented  in  Kg.  853. 
The  neck  of  the  bulb  B  is  strangled  at  C,  so  that  a 
slight  tap  given  to  the  tube  while  the  instrument  is  cool- 
ing causes  the  column  to  break  at  that  point,  leaving  the  i 
excess  of  mercury  in  the  bulb. 


TUEEMOSCOPES. 


(227.)  Air  Thermometers.  —  The  name  thermoscope  (Oep/it}, 
(TKoTTfrn')  is  a  convenient  designation  for  a  class  of  instruments 
which  are  used  chiefly  for  detecting  slight  changes  of  temper- 
ature, and  not,  like  tho  thermometer  (depii-T},  fihpov'y,  for  de- 
termining its  value  in  degrees.  In  a  large  number  of  thermo- 
scopes,  these  variations  are  indicated  by  the  change  in  volume 
of  confined  air,  which  not  only  expands  very  regularly  and 
quickly,  but  also  to  a  very  much  greater  degree  than  liquids,  for 
the  same  increase  of  temperature.  Such  instruments  are  fre- 
quently called  air  tliermometers ;  but  they  must  not  be  con- 
founded with  the  air  thermometer  of  Ecgnanit,  which  gives  the 
most  accurate  measures  of  temperature  that  we  can  attain. 
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r  tl  era  0      tei-  represented  in  Fig.  354  is  ascribed  to 

in  Ital  an  philosopher  of  tJie  seventeenth  century, 

ppo  ed  by  some  to  have  been  the  first  instrument  used  for 

ic  tcmi  erature      It  consists  of  a  bulbed  tube,  whose  ex- 

e  ts  n  1     open  vessel  containing  colored  water,  which 

al  o  partially  fills  the  tube.    "When  the  bulb  is 

1  eited,  the  liquid  falls  in  the  tube,  and  rises 

when  the  bulb  is  cooled.    The  tube  is  generally 

fastened  to  an  upright  piece  of  wood,  on  which 

1  scale  of  equal  parts  is  painted.     In  anotlier 

fo  n    of  tlie  same  instrmnent  (Fig.  856),  the 

expansion  of  the  air  is  indicated  by  the  motion 

of  a  drop  of  colored  liquid  in  tlie  stem  at  A. 

These  instruments  are  evidently  affected  by 

the  varying  pressure  of  the  atmosphere,  and 

are  necessarily  imperfect. 

The  same  objection  does  not  apply  to  the  dif- 
ferential thermometer  of  Leslie,  used  by  liim 
in  his  experiments  on  the  radiation  of  heat. 
This  consists  (Fig.  356)  of  two  biUbs  con- 
nected together  by  a  glass  tube  bent  twice  at  right  angles.  The 
b\ilbs  contain  air,  and  the  connecting  tube  is  half  filled  witli  col- 
ored liquid,  which,  when  tlie  thermometer  is  at  rest,  stands  at  the 


same  height  m  the  two  limbs  of  the  sipoon,  and  remains  in  tins 
position  so  long  as  the  two  bulbs  are  equally  heated.  Any  dif- 
feiente  in  the  temperature  of  the  two  bulbs,  however,  is  at  once 
mduated,  as  icpie^^entcd  in  the  figure,  by  a  difference  of  level  in 
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the  two  liquid  columns,  anil  can  be  measured  by  means  of  the 
Ecalea  pamtcd  on  the  wooden  frame  which  supports  the  tube. 
This  is  the  only  thermoscope,  of  its  class,  of  any  scientific  value. 
In  a  limited  number  of  cases  it  furmsbes  an  instrument  of  great 
utihty  and  delicacy,  and  its  indications  are  comparable  with  eacli 
other. 

Rumford's  differential  thermometer  (Fig.  357)  is  merely  a 
slight  variation  of  Leslie's,  the  difference  ui  tlie  temperature  of 
the  two  bulbs  being  indicated  by  the  motion  of  a  drop  of  sul- 
phuric acid  along  the  horizontal  tube,  which  is  made  somewhat 
longer  than  in  Leslie's  instrument,  and  surmounted  by  a  scale  of 
equal  parts.  There  are  several  other  forms  of  air  thermometers, 
but  they  are  not  of  suiEcient  importance  to  rcquu^  notice. 

(228.)  Thermo-riiultipKer. — But  of  all  instruments  for  detect- 
ing and  measuring  sliglit  differences  of  temperature,  by  far  tlie 
most  dehcate  and  accurate  is  the  thermo-multiplier  of  Nobili  and 
Melloni.  The  principle  on  which  this  instrument  is  based  was 
discovered  by  Seebeck,  of  Berlin,  in  1822,  and  may  be  briefly 
stated  thus, 

If  two  metallic  bars,  of  different  crystalline  texture  and  nncqual 
condnctuig  powers,  are  united  at  one  end  by  solder,  and  the  point 
of  junction  heated,  a  ciu"rent  of  electricity  is  ex- 
cited, which  flows  from  the  point  of  junction  to- 
wai-ds  the  poorer  conductor.  Thus,  if  the  junction 
of  two  bars  of  bismuth  and  antimony  (Fig.  358) 
is  heated,  and  tlieir  free  ends  are  connected  by 
wires,  the  current  flows  from  the  antimony  to  tlie 
bismuth  at  the  junction,  and  from  the  bismuth  to 
the  antimony  on  tlie  conducting-wire  connecting 
the  free  ends  of  the  bars.  If  cold,  instead  of  heat, 
is  applied  to  the  junction,  a  current  is  also  established,  but  in  the 
opposite  direction.  Similar  results  can  be  obtained  with  other 
metals,  which  may  be  arranged  in  a  thermo-electi-ic  series  in  the 
following  order  ;  bismuth,  platinum,  lead,  tin,  copper  or  silver, 
zinc,  iron,  antimony.  The  most  powerful  combination  is  formed 
of  those  metals  which  are  most  distant  from  each  oilier  in  the 
list,  and  in  every  case,  when  the  junction  is  heated,  the  current 
flows  through  the  conducting-wire  fi-om  those  which  stand  first 
to  those  wliich  stand  last. 
The  most  powerful  current  is  produced,  as  the  above  series 
3I> 
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sl\o?*s,by  tliQ  combiimticm  of  Uamutli  and  mti,tao\\5  Imt  1  siuje 
pair  of  bars,  even  of  these  metals,  produce?  oiih  a  \ri)  ftcblt 
effect.  The  force  of  the  electric  current  cati,  however,  be-verj 
gi-eatly  increased  by  uniting  together  sevejil  pans  of  these  hir&, 
as  represented  at  a  b,  Fig.  359,  and  connecting  togethei  tho  free 
end  of  the  first  bismuth  bar  with  that  ot  the  last  antimony  bar 
Such  an  arrangement  is  called  a  thermo  electric  pile      Sint^  the 


'A-^e^ 


force  of  the  current  is  not  found  to  depend  on  the  size  of  the  bars, 
they  may  be  made  very  small  ;  in  Melloni's  thermo-midtiplier 
thirty  pairs  of  bismutli  and  antimony  bars  are  packed  away  in  the 
small  brass  case,  c  d,  Fig.  359,  not  more  than  two  or  three  centime- 
tres long.  The  soldered  ends  of  tliese  pairs,  called  tlie  faces  of 
the  pile,  are  seen  at  c  and  d;  and  the  two  cups,  o,  o',  called  the 
poles  of  the  pile,  are  directly  connected  with  the  free  ends  of  the 
two  terminal  bai-s.  Finally,  the  faces  of  the  pile  are  protected  from 
any  lateral  actiou  by  a  brass  cap,  t,  blackened  inside,  and  having 
a  movable  screen,  e,  in  front,  or  by  a  brass  cone  polished  on  its 
interior  surface,  which  serves  to  concentrate  the  rays  of  heat. 

When  the  two  faces  of  the  thermo-electric  pile  are  equally 
heated,  no  electrical  disturbance  results  ;  but  the  slightest  differ- 
ence of  temperature  causes  a  flow  of  electncity  tlirough  the  wire 
connecting  the  two  poles.  The  direction  of  the  current  is  deter- 
mined by  the  relative  positions  of  the  bars,  always  following  tho 
rule  stated  above.  The  force  of  this  current,  although  much 
greater  than  that  of  the  current  from  a  single  pair  of  bars,  is 
still  feeble,  and  can  only  be  detected  by  a  veiy  delicate  galva^ 
nometer.     This  instrument  will  be  described  in  detail  hereafter. 
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It  is  sufficient,  for  tlic  present,  to  state  that  it  is  an  application 
of  tlie  remarkable  facts  discovered  hj  Oersted  in  1820.  Tliis 
eminent  physicist  observed,  that,  if  a  conducting-wire  througb 
wliicli  an  electric  current  is  passing  is  placed  directly  over  and 
parallel  to  a  magnetic  needle 
(Fig.  361),  the  north  pole  of 
the  needle  is  deflected  to  the 
right  or  to  the  left,  according 
to  the  direction  of  the  current. 
If  the  condiictiiig-wire  is  placed 
under  the  needle,  it  is  also 
deflected,  Wt  in  the  opposite 
direction.  Hence,  if  the  con- 
ducting-'wire  is  formed  into  a 
loop,   and   placed   around   the 

needle,  and  at  the  same  time  parallel  to  it,  in  such  a  manner  that 
the  current  may  flow  from  north  to  south  above  the  needle,  and 
from  south  to  north  below  it,  the  two  portions  of  the  wire  will 
conspire  to  deflect  the  needle,  and  tlte  effect  of  one  and  the  same 
current  will  be  doubled.  By  turning  the  wire  again  round  the 
needle,  the  effect  of  t!ie  same  current  will  be  quadrupled,  and  by 
repeating  the  turns,  as  in  Fig.  362,  the  deflecting  force  may  be 
m\iltiplied  to  a  very  great  extent ;  and  thus  the  deflections  of  a 
magnetic  needle  may  become  the  means  of  detecting  a  very  feeble 
electric  current.  The  galvanometer  represented  in  Fig.  360  is  a 
direct  application  of  this  principle.  The 
conducting-wire,  which  is  covered  with  silk, 
is  wou]id  round  the  ivory  frame  aba  great 
number  of  times,  and  terminates  at  the  two 
ends,  n,  «'.  Tiie  magnetic  needle  is  sus- 
pended, so  as  to  oscillate  freely  within  the 
ivory  frame,  by  means  of  a  single  strand  of 
raw  silk,/;  and  when  at  rest,  its  axis  is  parallel  to  the  tur 
the  conducting-wire.  Parallel  to  the  first  needle,  and  immovably 
connected  with  it,  is  a  second  needle,  /,  which  oscillates  just  above 
a  graduated  arc,  and  thus  iiidicates  the  amount  of  deflection. 
This  needle  also  senses  another  purpose.  Its  north  pole  is  placed 
directly  over  the  south  pole  of  the  first  needle,  and,  both  being 
of  equal  force,  the  action  of  the  earth's  magnetism  on  one  is  bal- 
anced by  its  action  on  the  other.    A  needle  so  arranged  is  termed 
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astatic,  and  will  remain  in  any  position  in  -ffliicli  it  may  be  placed. 
MoreoTcr,  the  action  of  an  electric  current  npon  it  is  not  iniiu- 
enced  by  tbe  magnetism  of  the  earth.  The  graduated  disk  just 
referred  to  rests  on  tlie  ivory  frame,  and  is  made  of  copper,  \\-iiich 
has  the  effect  of  deadening  the  oscillations  of  tlie  needle.  When 
in  use,  the  two  poles  of  tlie  thermo-electrie  pile  (o,  o',  Fig,  359) 
are  connected  witli  the  ends  («,  n'.  Pig.  360)  of  the  conducting- 
wire,  -vyhich  is  wound  round  the  frame  of  the  galvanometer. 


Hg  363. 

The  appaiatus  is  so  delicate,  that  tbe  belt  of  the  hand,  placed 
seveiil  fept  m  fiont  of  the  conical  cip  G,  will  be  at  once  percep- 
tible, by  deflecting  the  needle  Moieo-vei,  when  the  deflection  is 
not  greater  than  twenty  degrees,  the  angle  of  deviation  is  propor- 
tional to  the  difference  of  temperature  between  the  faces  of  the 
pile,  and  may  therefore  be  used  as  a  measure  of  the  intensity  of 
the  calorific  effect  produced  on  one  face  when  the  otlier  is  exposed 
to  a  constant  temperature.  Beyond  twenty  degrees,  the  angle 
of  deviation  is  no  longer  proportional  to  the  temperature  ;  but 
a  table  can  be  easily  constructed  for  each  instrument,  in  which, 
for  each  degree  of  deviation,  are  given  the  corresponding  differ- 
ences of  temperature  of  the  two  faces.  Melloni  does  not  extend 
these  tables  beyond  thirty-five  degrees,  because  the  slightest 
change  in  the  position  of  the  axis  of  suspension  of  the  needle 
would  cause  a  great  error  in  its  indications.  A  deflection  of 
thirty-five  degrees  corresponds  to  a  difference  of  from  six  to  eight 
degrees  in  the  temperature  of  the  two  faces  of  the  pile.  The 
instrument,  as  mounted  for  use,  with  its  various  screens  and 
appendages,  is  represented  in  Tig,  363. 
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TheTtnometers. 

272.  It  Is  required  to  change  into  Fahrenheit  and  Reaumur  di 
following  temperatures  in  Centigrade  degrees :  — 

Temperainre  of  maximum  density  of  watei-,     .,..-(- 

Boiling-point  of  liquid  ammonia, — a 

"        eulphuroos  acid, ~I 

"        alcohol, -\.; 

"        phospliorus, 2f 

"        mercury, 3C 

273.  It  IS  required  to  change  into  Centigrade  and  Euaumur  di 
following  temperatures  in  Fahrenheit  degrees :  — 


Melting-point  of  m 


Incipient  red  host, 977 

Clear  chcny-red  heal, ]  g^a 

Dazzling  white  heat, 9,733 

274.  How  many  degrees  Centigrade  and  Reaumur  are  n°  Fahrenheit? 

275.  How  many  degrees  Fahrenheit  and  Reaumur  are  n°  Ccnfigrade  ? 

276.  At  what  temperatures  do  — x°  C.  equal  — x"  F.  ?  — x"  R.  equal 
—x"  F.  ?  —x"  C.  equal  -{-x"  F.  ?  and  — lc"  E.  equal  -^-x"  F.  ? 

277.  The  boiling-point  was  marked  on  the  stem  of  a  mercurial  ther- 
mometer when  the  barometer  stood  at  74.65  e.  m. ;  the  distance  between 
this  point  and  the  freezing-point,  previously  determined,  was  found  to  be 
21.54  c.  m.  It  is  required  to  determine  the  position  of  the  true  boiling- 
point  on  the  stem  with  reference  to  the  first. 

278.  Solve  the  same  problem,  representing  the  height  of  the  barometer 
by  IT,  and  the  distance  between  the  freezing-point  and  tlie  boiling-point 
hy  I. 

279.  In  order  th^  a  mercurial  thermometer  may  measure  temperatures 
between  —40°  and  -j-SOO",  how  many  times  must  the  capacity  of  the  buib 
be  greater  than  that  of  the  tube  ? 

280.  A  thermometer-tube  was  divided  into  1,500  parts  of  equal  ca- 
pacity, as  described  in  (221).  It  was  then  weighed,  first  when  empty, 
and  afterwards  when  containing  a  quantity  of  mercury  occupying  45  di- 
visions. The  difference  of  these  weights  was  0.032  grammes.  It  is 
desired  that  the  distance  between  the  fixed  points  should  be  divided  info 
about  1,000  parts,  and  it  is  required  to  find  the  volume  of  the  reservoir 

39* 
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necessary  to  effect  tliis  object.  If  the  reservoir  is  spherical,  what  must 
be  its  diameter  ?  If  it  is  cjlindrical,  what  must  be  its  length,  aasmning 
that  its  diameter  is  0.52  cm.? 

281.  After  the  thermometer  of  the  last  problem  was  made,  it  was  found 
that  the  zero-point  corresponded  to  the  3S0th  diriaion  from  the  bottom  of 
the  scale,  and  the  boiling-point  to  the  1,223d.  To  what  temperature  does 
tiie  76oth  division  correspond  ?  Prepare  a  table  giving  the  temperature 
in  Centigrade  degrees  corresponding  to  every  tenth  division  on  the  tube. 

282.  A  thermometer  was  graduated  with  an  arbitrary  scale,  as  above ; 
the  zero-point  was  subsequently  found  to  coincide  with  the  56th  division, 
and  the  boiling-point  with  the  245th  division  of  this  scale,  when  the 
barometer  stood  at  74.25,  It  is  i-equired  to  prepare  a  table,  giving  the 
temperature  in  Centigrade  degrees  corresponding  to  each  division  of  the 
scale. 

283.  The  temperature  of  an  oil-bath  was  observed  with  a  mercury- 
thermometer  graduated  to  Centigrade  degrees  to  be  260° ;  the  portion  of 
the  mercury-column  in  the  stem  not  immersed  occupied  190°,  and  the 
mean  temperature  of  this  column  was  94°,  Required  the  true  tempera- 
ture of  the  bath. 

284.  'When  the  thermometer  of  problem  281  was  immersed  in  an  oil- 
bath,  the  mercury  rose  to  the  500th  division  of  the  scale ;  the  portion  of 
the  mercury-column  in  the  stem  not  immersed  occupied  390  divisions,  and 
its  mean  temperature  was  84°.    Required  the  true  temperature  of  the  bath. 

286.  Reduce  die  following  temperatures,  obsei-ved  with  a  mercury- 
thermometer  made  of  crown-glass,  to  degrees  of  the  air-tbermometer :  260°, 
180°,  230°,  200°,  300°,  and  320°. 

286.  The  coefficient  of  expansion  of  glass  for  one  Centigrade  degree 
is  0.0000088482,  How  great  is  it  for  one  Fahrenheit  degree?  llow 
great  for  one  Reaumur  degree  ? 

287.  The  French  imit  of  heat  is  the  amount  of  heat  required  to  raise 
the  temperature  of  one  kilogramme  of  water  fi-om  0°  C.  to  X"  t!- ;  the 
English  unit  is  the  amount  of  heat  required  to  rsuse  the  temperature  of  one 
Troy  pound  of  water  from  59°  F,  to  60°  F.  What  is  the  relation  between 
the  two  ?     (See  table,  p.  472.) 

288.  Convert  into  French  units  of  heat  7.8i3  ;  234.62;  and  52,796 
English  units. 

289.  Reduce  to  English  units  52.34;  1,964.72;  0,6845;  and  324.7 
French  units  of  heat. 

290.  Two  thermometers  are  made  of  the  same  glass ;  the  spherical 
bulb  of  the  first  has  an  interior  diameter  of  7.5  m.  m,,  and  its  tube  a  diam- 
eter of  0.25  m.  m, ;  the  bulb  of  the  second  has  a  diameter  of  6.2  m.  m,, 
and  its  tube  a  diameter  of  0.15  m,  m.  Required  the  relative  size  of  a 
degree  on  e^ich. 
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SPECIFIC   HEAT. 

(229.)  Temperature.  —  The  amount  of  expansion  which  a  hot 
body  is  capable  of  producing  in  the  air  or  mercury  of  a  ther- 
mometer measures  what  we  term  its  temperature.  This  effect 
is  only  indirectly  connected  with  the  amount  of  heat  whicli  the 
body  contains.  If  different  masses  of  water,  of  mercury,  of  iron, 
or  of  wood  produce  each  the  same  expansion  in  the  air  or  mer- 
cury of  the  thermometer,  we  say  that  they  all  have  the  same 
temperature,  although,  as  we  shall  hereafter  see,  tliey  may  con- 
taui  very  different  amounts  of  heat.  The  thermometer,  there- 
fore, is  an  instrument  for  measuring  the  temperature  of  a  body, 
and  not  the  amount  of  heat  which  it  contains.  It  gives  us, 
tliough  more  accurately,  the  same  kind  of  information  as  the 
sense  of  touch,  indicating  tliat  condition  of  a  body  which  pro- 
duces the  sensation  of  heat  and  cold.  It  gives  that  information 
which  is  alone  wanted  in  the  practical  affairs  of  life  ;  for  it  does 
not  concern  us  generally,  how  much  heat  a  body  contains,  but 
only  what  effect  its  heat  will  produce  on  our  bodies. 

The  temperature  of  a  body  depends  on  two  conditions :  first, 
on  the  amount  of  heat  which  the  body  contains ;  secondly,  on  the 
affinity  of  the  body  for  heat,  or,  in  other  words,  on  the  power 
with  which  it  holds  the  heat.  In  illustration  of  these  principles, 
several  well-known  facts  may  be  adduced.  Two  thermometers  in- 
troduced, the  one  into  a  wine-glass  and  the  other  into  a  pail,  each 
of  which  is  filled  witli  water  just  drawn  from  a  well,  will  indicate 
the  same  temperature  in  both  ;  simply  because,  although  the 
water  in  the  pail  contains  several  hundred  times  as  much  heat 
as  the  water  in  the  wine-glass,  it  also  holds  the  heat  with  a  pro- 
portionally greater  force,  and  therefore  gives  up  no  more  to  the 
bulb  of  the  thermometer  than  the  smaller  amount  of  water  in  the 
wine-glass.  Again,  two  thermometers,  introduced,  the  one  into 
a  glass  containing  a  liilogramme  of  whter,  and  the  other  into  a 
glass  containing  a  kilogramme  of  mercury,  the  glasses  having 
been  standing  tJDgether  for  some  time,  will,  in  like  manner,  indi- 
cate the  same  temperature  in  both  ;  for  although,  as  will  soon  be 
shown,  the  water  contains  thirty  times  as  much  heat  as  the  mer- 
cru-y,  it  holds  it  with  thirty  times  as  much  power. 

(230.)  Thermal  Equilibrium.  —  If,  as  is  sometunes  the  case 
in  a  room,  the  heat  is  distributed  through  the  different  articles 
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of  furniture  in  proportion  to  their  aflBnity  for  tlie  imponderable 
agent,  it  is  evident  tliat  we  shall  have  a  condition  of  tliermal 
equilibrium ;  for  there  will  be  no  tendency  for  the  heat  to  pass 
from  one  body  to  another.  If  we  now  bring  a  thermometer  in 
contact  with  the  various  articles  of  fumitiu'e,  we  shall  find  that 
they  all  have  the  same  temperatiire.  Let  us  next  suppose  that 
the  stove  suddenly  receives  an  accession  of  heat ;  we  shall  then 
find  that  it  will  indicate  a  higher  temperature  tlian  before,  be- 
cause it  is  in  a  condition  to  impart  more  heat  to  the  mercury  of 
the  thermometer.  In  the  course  of  a  short  time,  however,  this 
accession  of  heat  will  be  distributed  in  various  ways  through  the 
different  bodies  in  the  room,  in  proportion  to  their  relative  affini- 
ties, when  it  will  be  found  that  all  again  have  the  same  tempera- 
ture, although  a  little  higher  than  before.  It  therefore  appears, 
fii'st,  that  when  bodies  are  at  the  same  temperature  they  are  in  a 
state  of  thermal  equilibrium ;  secondly,  tliat  when  they  are  at 
different  temperatures,  the  warmer  will  impart  heat  to  the  colder 
until  an  equilibrium  of  temperature  has  been  established ;  that 
is,  until  the  heat  has  been  distributed  through  all  in  proportion 
to  their  relative  affinities. 

(231.)  Unit  of  Heat.  —  In  one  condition  only  the  thonnom- 
eter  becomes  a  direct  measure  of  the  amount  of  heat ;  and  that 
is  in  tlie  case  of  the  same  "weight  of  the  same  substance.  Thiis, 
if  we  take  one  kilogramme  of  water,  it  is  true  that,  if  a  given 
amount  of  heat  will  raise  its  temperature  one  degree,  twice  the 
amount  of  heat  ^;-ill  raise  its  temperature  two  degrees,  etc. 
Hero,  then,  we  have  a  unit  for  measuring  amounts  of  heat ; 
and  it  has  been  generally  agreed  to  assume,  as  the  iinit  of  heat, 
the  amount  of  heat  required  to  raise  the  temperature  of  one 
kilogi-amme  of  water  one  Centigrade  degi-ee,  in  the  same  way 
that  a  metre  has  been  taken  as  a  unit  of  length,  and  a  minute  as 
a  unit  of  time. 

(232.)  Specific  Heat.  —  Assuming,  then,  this  unit  of  h 
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shall  find  that,  whon  a  thermometer  in  the  first  vessel  indicates 
that  the  temperature  of  the  one  kilogramme  of  water  has  risen 
ten  degrees,  a  thermometer  in  the  second  vessel  will  have  risen 
only  one  degree.  Since  ten  units  of  heat  have,  by  our  assump- 
tion, entered  the  water  in  each  vessel,  it  follows  that  it  requires 
ten  times  as  much  heat  to  raise  the  temperature  of  ten  kilo- 
grammes  of  water  one  degree  as  is  required  to  raise  the  temper- 
ature of  one  kilogramme  of  water  to  the  same  extent.  Sim- 
ilar results  would  be  obtained  with  any  other  substance,  and 
hence  we  may  conclude  that  the  amounts  of  heat  required  to 
raise  the  temperature  of  unequal  weights  of  the  same  substance 
one  degree,  are  proportional  to  these  weights. 

As  a  second  experiment,  we  will  take  five  vessels,  containing 
respectively  one  kilogramme  of  water,  one  kilogramme  of  sul- 
phur, one  kilogramme  of  iron,  one  kilogramme  of  silver,  one 
kilogramme  of  mercury,  and  we  will  expose  them  all  to  such 
a  souree  of  heat  that  equal  amounts  must  enter  each  vessel 
during  the  same  interval.  If,  now,  we  observe  thermometers 
placed  in  these  vessels,  we  shall  find,  when  tlie  temperature  of 
the  water  has  risen  one  degree  and  consequently  when  one 
unit  of  heat  has  entered  each  vessel,  that  the  temperatures  of  the 
other  substances  have  increased  by  the  number  of  degrees  given 
in  the  second  column  of  the  following  table,  Ey  the  principle 
just  established,  it  follows  that,  if  one  unit  of  heat  will  raise  the 
temperature  of  one  kilogramme  of  mercury  thirty  degrees,  it  will 
only  require  one  thirtieth  as  much,  or  0.033  of  a  unit  of  heat, 
to  raise  the  temperature  of  the  same  weight  one  degree.  In 
like  manner,  the  fractional  parts  of  a  imit  of  heat  required  to 
raise  the  temperatures  of  one  kilogramme  of  each  of  the  other 
substances  one  degree  can  be  easily  calculated,  and  are  given  in 
the  third  column  of  the  tabic.  This  fraction  is  commonly  called 
the  specific  heat  of  the  substance. 

Water, f.O  1.000 

Sulphur,      .         .         .         .         ■  4.a  0.203 

Iron, 8.8  0.114 

Silver, 17.5  0.057 

Mercury, 30.0  0.03.3 

Water,  then,  at  the  same  temperature,  contains  4.9  times  as 
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much  beat  as  the  same  weight  of  sulphur,  8.8  times  as  much 
as  the  same  weight  of  iron,  17.5  times  as  much  as  the  same 
weight  of  silver,  and  30  times  as  much  as  the  same  weight  of 
mercury  ;  aud  in  like  manner  we  should  iind  that,  at  the  same 
temperature  and  for  equal  weights,  water  contains  more  heat 
than  any  solid  or  liquid  known.  Hence,  the  specific  heat  of 
solid  or  liquid  substances  is  always  expressed  by  fractions. 
These  fractions,  as  determined  by  Regnault  for  the  chemical  ele- 
ments, are  given  in  tlie  following  table.  The  numbers  in  eacli 
case  denote  the  fractional  part  of  a  unit  of  heat  required  to  raise 
the  temperature  of  one  kilogramme  of  the  substance  one  degree. 
They  also  represent  the  relative  proportions  in  which  heat  is  dis- 
tributed among  equal  weights  of  these  substances  when  in  the 
state  of  thermal  equilibrium,  and  therefore  indicate  tlieir  relative 
aifiuities  for  the  imponderable  agent. 

Specific  Heat  of  ilte  Elements. 


I  Copper, 
Mei'eurj,  . 
Solid  Mercury, 
Cactmium, 
Silver,  , 
Arsenic,    . 

Bismuth,  . 
Antimony,    . 
Tin, 


0  113790 
0  095joO 
0  09jl50 
0  0m20 
0  032410 
0  0o66i>0 
0  OjTOIO 
0  O'iUOO 
0  011400 
0  030840 
0  OjOTTO 
0  056230 
0  10S630 
0  106Q60 


Platinum  1 1  ite 

vponge, 

Piilhdium 

(jold, 

Sulphur, 

S'-lenmrn, 

TcUnrium, 

Potassium 

Bromine  liquid 

solid  (— ; 

Iodine 

Cirbon 

Fhoaphorui 


0.032480 
0,032930 
0,059370 
0.033440 
0.202590 
O.OSS700 
0,051550 
0, 169560 
0.110940 
0.084320 
0.054120 
0,024111 


(233.)  Determination  of  the  Specific  Heat  of  Solids  and 
Liquids.  —  There  are  two  metliods  usually  employed  for  tliis 
purpose.      The  first  method  is  called  tlie   method  of  cooling-, 
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and  is  based  iipon  the  axiom,  iliat  the  time  required  for  equal 
■weights  of  different  substances  to  cool  through  the  same  mim- 
ber  of  degrees,  under  exactly  the  same  conditions,  will  be  pro- 
portional to  the  quantity  of  heat  which  they  respectively  contain, 
or,  in  otlier  words,  to  their  specific  heat.  The  only  diffieiilty  in 
applying  this  principle  to  practice  consists  in  secui'ing  precisely 
the  same  conditions  for  all  substances.  In  order  to  attain  tliis 
object,  Regnault  contrived  a  very  ingenious  apparatus,  which  is 
described  at  length  in  the  Annales  de  Chimie  et  de  Physique, 
3"  S^rie,  Tom.  IX. ;  but  notwithstanding  the  utmost  precautions 
and  most  persevering  efforts,  this  very  skilful  experimenter  could 
not  obtain  satisfactory  results  by  this  method.  We  shall  not, 
therefore,  enlarge  upon  it  here. 

The  second  method,  which  is  called  the  method  of  mixture, 
consists  in  heating  a  substance  to  a  known  temperature,  and 
then  tlirowing  it  uito  a  vessel  containing  a  known  weight  of 
cold  water.  The  amount  of  heat  communicated  to  the  water 
will  be  proportional  to  the  specific  heat  of  the  given  substance, 
and  gives  us  the  data  for  calculating  it.  This  last  method,  which 
is  by  far  the  most  accurate  of  all  the  methods  yet  devised,  re- 
quires further  illustration. 

Example  1.  If  we  mix  one  kilogramme  of  mercury  at  20" 
with  one  kilogramme  of  water  at  0°,  we  shall  find  that  the 
temperature  of  the  mixture  will  be  0'.639.  The  water,  there- 
fore, has  gained  0.639  of  a  unit  of  heat.  This  amount  of  heat, 
also,  is  evidently  sufficient  to  raise  the  temperature  of  one  kilo- 
gramme of  mercury  from  0°.639  to  20%  that  is,  through  19°.361. 
Hence,  tiie  amount  of  heat  required  to  raise  tlie  temperature 
of  one  kilogramme  of  mercury  one  degree  must  be  equal  to 
^^  =  0.033  of  one  unit. 

Example  2.  If  we  mix  0.685  of  a  kilogramme  of  sulphur  at  60° 
with  4.673  kilogrammes  of  water  at  12°,  wo  shall  find  that  the 
temperature  of  the  mixture  will  be  1S°.42.  The  temperature 
of  4.573  kilogrammes  of  water  has  risen  r.42,  and  hence  tlie 
water  has  acquired  4.57S  X  1.42  =  6.493  units  of  heat.  These 
6.493  units  of  heat  were  sufficient  to  raise  tlie  temperature  of 
0.685  of  a  kilogramme  of  sulphur  from  13°.42  to  60%  or  through 
46''.58.  They  would,  therefore,  raise  the  temperature  of  one  kilo- 
gramme of  sulphur  through  46°.58  X  0.685  =  31°.9.  Hence,  it 
would  require  ^^  =  0.203  of  a  unit  of  heat  to  raise  the  tcmperar 
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ture  of  one  kilogramme  of  sulphur  one  degree,     lii  like  manner 
all  similar  problems  may  be  solved. 

These  solutions  may  easily  be  made  general,  and  reduced  to 
an  algebraic  form,  m  the  following  way.     Let 

W  ^^  weight  of  ivaler.  w    =  weight  of  substance. 

»°  =  temperature  of  water.  T°  =  temperature  of  substance. 

e°  :=  temperature  of  mixture.  a;    :=  specific  heat  required. 

Then  we  shall  have, 

W  =  tmils  of  heat  required  to  raise  tempei-aturo  of  water 

used  one  degree. 

vix  ^^  units  of  heat  required   to  raise  temperature  of  sub- 

stance used  one  cfegi-ee. 

(d  —  i)°  =  number  of  degrees  iJirough  which  temperature  of  water 

has  been  raised. 

(T  —  6)°  =;  number  of  degrees  through  which  temperature  of  sub- 
stance has  fallen. 

{6- — 'i)"  W    =x  units  of  heat  water  has  gained. 

{T — 6)"  wx  =  units  of  heat  substance  has  lost. 

Since  the  gain  and  the  loss  must  be  equal,  it  follows  that 

(T—eywa^  =  (e  —  ryw; 

whence 


■  (y- 


[157.] 


The  results  obtained  from  this  formula  would  be  accurate, 
were  it  not  for  the  fact,  that  the  vessel  which  holds  the  water 
changes  its  temperature  with  tliat  of  the  water,  so  that  tlie  heat 
lost  by  the  substance  not  only  raises  the  temperature  of  the  water 
(_$  —  t)",  but  also  the  temperature  of  the  vessel,  by  the  same 
amount.  If  we  know  tlie  weight  of  the  vessel  and  the  specific 
heat  of  the  substance  of  which  it  is  made,  we  can  easily  estimate 
the  amount  of  heat  required  for  this  purpose.  The  vessel  used 
is  generally  made  of  brass  or  silver,  very  light  and  brightly  pol- 
ished, so  that  these  data  can  be  readily  obtained. 

Let  w'  =  weight  of  the  vessel,  and  c  =  specific  heat  of  the 
vessel;  then 
'"'  e  ^=  amount  of  heat  required  to  raise  its  temperature  one  de- 

{^ —  TJ° ■w'c  =  amount  of  heat  required  to  raise  its  temperature  (5  —  t)". 
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Hence  we 

obtain, 

(T- 

-»)»„" 

«'+  {T 

-«)•« 

and  also 

= 

(»-«)•( 

•r+. 

(r. 

Sinoo  the  heat  lost  by  the  substance  is  equal  to  that  gained  by  the 
water  plus  the  amount  gained  by  the  vessel,  it  follows  that 

hence,  x  =   — irl-syw  V-bS.^ 

If,  as  is  iisually  the  case,  the  substance  is  enclosed  in  a  glass 
tube  on  a  small  basket  of  wire-work,  it  is  also  necessary  to  pay 
regard  to  the  weight  and  specific  heat  of  these  envelopes  in  the 
calculation.  Representing,  then,  by  to"  and  c'  the  weight  and 
specific  heat  of  the  envelope  respectively,  we  shall  have,  evi- 
dently, 

(7*  —  sy  w"  c'  ^^^  units  of  lieat  the  envelope  lias  lost. 


The  above  method  of  detennining  the  specific  heat  of  solids 
and  liquids  admits  of  great  accuracy,  but  its  practical  appli- 
cation requires  many  precautions  and  great  delicacy  of  ma- 
nipulation. Ecgnault,  who  adopted  this  method  in  Lis  very 
extended  investigations  on  specific  heat,  used,  in  making  the 
determinations,  the  apparatus  represented  in  Fig.  364.*  This 
apparatus  consists,  first,  of  the  vessel  m,  in  which  the  heated 
substance  is  mixed  with  water ;  secondly,  of  a  peculiarly  con- 
structed steam-bath,  VP  V,  by  which  the  substance  is  previously 
heated  to  a  known  temperature  of  about  100°. 

The  substance  to  be  examined  is  placed  in  a  small  basket  of 
brass  wire,  P.  If  it  is  solid,  it  is  broken  into  small  lumps  ;  but 
if  liquid,  it  is  enclosed  in  tubes  of  glass,  whose  weight  and  spe- 
cific heat  are  known.  In  the  axis  of  the  basket  there  is  fastened 
a  small  cylinder  of  wire-netting,  which  receives  the  bulb  of  a 
delicate  thermometer  for  determining  the  temperature  of  the 
basket  and  its  contents.  During  the  process  of  heating,  the 
basket  is  suspended  by  means  of  silk  cords  in  the  interior  of  a 

*  Annaks  do  Cliimie  ot  do  Physique,  2«  Serie,  Tom.  LXXIII.  p.  20. 
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steam-bath  fmmel  of  three  concentric  cylnlers  of  tin  plate. 
The  space  P  m  which  thp  basket  is  suspends  1  is  filled  with  air, 
and  opens  bebw  into  the  chambei  M  by  means  of  the  slide  rr, 
which  can  bo  withdiawn  at  jika^inro     The  spa^e  V  is  filled  with 


Bteam,  whicU  i&  constanth  '-npph  d  fiom  the  bDiler  C,  and  after- 
wards condensed  m  th  woim  s  and,  lastly,  tlie  space  between 
tlie  steam  clnmbei  an  1  the  outer  cyhndei  is  filled  with  air,  which, 
being  a  noii-condiictoi ,  diminishes  the  loss  of  heat  by  tlie  bath, 
and  thus  tends  to  beep  its  temperature  constant. 

A  cylindrical  vessel,  m,  made  of  very  thin  siieefr-brass,  contains 
the  water  with  which  the  substance  is  to  be  mixed.  It  is  sus- 
pended, by  means  of  silk  cords,  to  a  movable  support,  whicli 
slides  in  a  groove,  so  that  the  vessel  may  be  readily  moved  uito 
the  chamber  iJf,  under  the  steam-bath.  A  delicate  thermometer, 
tf  gives  vciy  accurately  the  temperature  of  the  water,  and  a 
second  thermometer,  T,  that  of  the  air.  These  thennometers 
are  observed  by  means  of  a  telescope  placed  several  feet  distant, 
and  every  precaution  is  taken  to  protect  them  from  extraneous 
influences. 

In  making  a  determination  of  the  specific  heat  of  a  substance, 
we  wait  until  the  thenuometer  P  indicates  a  constant  tempera- 
ture, which  requires  about  two  hours.  Then,  in  order  to  be  sure 
that  the  substance  has  the  same  temperature  throughout,  we 
wait  at  least  an  hour  longer,  and  carefully  observe  the  thermom- 
etere  t  and  T.  Having  removed  the  screen  e,  we  now  push  the 
YCSRol  m  into  the  chamber  M,  and,  withdrawing  the  slide  r  r, 


d  by  Google 


HEAT.  4^1 

(imokly  drop  the  basket  containing  tli8  substance  into  tl»  TOtor. 
The  Tesscl  is  tlieii  at  once  returned  to  its  former  position,  and, 
while  an  assistant  stirs  np  tlie  water,  we  observe  tlie  elevation  ot 
temperature  indicated  by  the  thermometer  (,  which  reaches  its 
maximum  in  one  or  two  minutes. 

In  calculating  the  specific  heat  of  a  substance  from  these 
results  by  means  of  [169],  it  is  nocossary  to  take  into  the  ac- 
count the  quantity  of  heat  received  by  the  vessel .»  from  the  air 
or  neighboring  bodies  dutmg  the  course  of  the  experunenf,  as 
well  as  that  which  it  loses  during  the  same  time.  The  variation 
of  temperature  arising  from  this  cause  is  ascertamed  by  means 
of  a  series  ot  preliminary  experiments,  made  under  the  same 
conditions  as  the  tinal  determination,  and  the  obbCived  tempera- 
ture of  (  corrected  accordingly  ;  but  as  the  value  of  this  correc- 
tion is  necessarily  somewhat  uncertain,  it  is  mide  very  small  by 
reducing  as  much  as  possible  the  duration  of  the  experiments. 
Mid  also  by  so  regulating  the  temperatuio  of  the  water  that  it 
may  be  for  an  equal  length  of  time  above  and  below  the  temper- 
ature of  the  air.  Moreover,  during  the  few  seconds  that  the 
vessel  of  water  is  in  the  chamber  M,  it  is  protected  from  the  heat 
of  the  steam-bath  by  the  cold  water  which  fills  tlie  space  withm 
the  hollow  walls  DD:  and  when  outside  of  the  chamber,  it  is 
also  protected  by  the  screen  e. 

In  order  to  test  tlie  accuracy  of  this  process,  Eegnanlt  deter, 
mined  the  specific  heat  ot  water  with  the  apparatus  just  described. 
In  two  experiments,  in  which  the  liquid  was  heated  to  9T,  he 
obtamcd  tlie  values  1.00709  and  1.00890,  thus  shomng  that  the 
specific  heat  of  water  increases  with  the  temperature,  and  also 
confirming  the  accuracy  of  the  method. 

(234.)  General  Results.  —  From  the  numerous  investigations 
which  have  been  made  on  the  specific  heat  ot  solid  and  liquid 
substances,  several  important  general  truths  have  been  deduced. 
First.  The  specific  heat  of  substances  is  a  distinguishing  prop- 
erty, closely  connected  with  their  chemical  equivalents.  The 
relation  which  exists  between  these  two  qualities  of  matter  will 
he  discussed  at  length  m  tlie  chapter  on  Stoichiometry,  and  need 
net,  therefore,  be  considered  here. 

Secondly.  The  specific  heat  of  the  same  substance  increases 
with  the  tcmpci-ature.  This  is  true  even  in  the  case  of  water, 
wliicli  has  boon  selected  as  the  standard  to  whidi  the  speciBc 
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lieat  of  other  substances  is  referred.  The  \mh  of  heat,  it  will 
be  remembered,  is  tlie  quantity  of  Iieat  required  to  raise  the 
temperature  of  one  kilogramme  of  water  one  Centigiade  degiee 
Now  it  might  be  supposed  that  tht,  sime  quantity  of  heat  would 
raise  the  temperature  of  a  kilogiamme  ot  water  one  degiee  at  all 
parts  of  the  thermometrio  scale  but  this  la  not  the  cise  to 
raise  the  temperature  of  one  kilo^jiamme  of  watei  tiom  100°  to 
101°  requires,  for  example,  1.0130  units  of  heat,  and,  as  a  general 
rule,  the  amount  required  is  greater  the  higher  the  temperature. 
This  is.  shown  by  the  following  table.  In  the  second  column, 
headed  c,  opposite  to  each  temperature,  is  given  the  specific  heat 
of  water  at  that  temperature ;  in  other  words,  the  number  of 
units  of  heat  required  to  raise  the  temperature  of  one  kilo- 
gramme of  water  from  T  to  (i  + 1)°.  In  the  third  column, 
headed  C,  are  given  the  mean  specific  heats  for  the  interval  of 
temperature  between  0°  and  t°. 


■■ 

» 

■■ 

. 

c. 

0 

1.0000 

1.0000 

100 

1.0130 

1.0030 

29 

1.0012 

1.0005 

120 

1.0177 

1.0O67 

JO 

1.0030 

1.0013 

IJO 

1.0232 

1,0087 

60 

1.0050 

1.0023 

IGO 

1.023-1 

l.OlOi) 

SO 

1.0080 

1.0035 

ISO 

1.03C.t 

1.0133 

It  will  be  noticed  that,  within  the  ordinary  range  of  atmos- 
pheric temperatures,  the  specific  heat  of  water  increases  only 
very  slightly ;  so  that,  in  determinations  of  the  specific  beat  of 
otlier  substances  by  tlie  method  of  mixtures,  that  of  water  may 
be  regarded  as  constant  between  0°  and  20°.  But  above  this 
temperature  the  increase  of  the  specific  heat  of  water  can  no 
longer  be  disregarded,  and  we  must  tlierefore  modify  slightly  our 
definition  of  the  unit  of  lieat.  Accurately  speaking,  ike  unit 
of  heat  is  the  quantity  of  heat  required  to  raise  the  teviperature 
of  a  kilogramme  of  water  from  0°  to  V. 

■ffbat  is  shown  by  the  above  table  to  be  tnie  of  water,  is  also 
true  of  all  other  solids  and  liquids.  Dulong  and  Petit  made 
experiments  on  a  number  of  metals  up  to  300°,  employing  the 
method  of  mixtures,  and  obtained  the  results  givcu  in  the  follow- 
ing tabic :  — 
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Mean  SpeclEo  Heat. 

r. 

Kameof 

Mean  SiMlflc  u™t. 

,, 

BeCveen 

o'km'. 

IPk'^ 

o'Vao™ 

Zinc, 
Ami  111  on  V, 

0.1098 
O.O3S0 
0.0927 
0.0307 

0.1218 
0.0350 
0.1015 
0.OS49 

333.2 
818.2 
828.5 
324,8 

Silver, 
Copper, 
Platinum, 
Glass, 

0.0557 
0.09-19 
0.0353 
0.1770 

0.0611 
0.1013 
0.0355 
0.1990 

320.0 
322.2 

In  equation  [159],  the  temperature  T  is  supposed  to  be  given, 
and  from  it  we  can  calculate  the  speciiic  heat  of  the  substance ; 
but  ■we  may  evidently  reverse  this  calculation,  and,  when  the 
specific  heat  of  the  substance  is  known,  use  the  method  of  mix- 
tures for  determining  its  temperature.  Thus  this  method  fur- 
nishes a  very  simple  means  of  measuring  high  temperatures.  If, 
for  example,  we  wish  to  measure  the  temperature  of  a  furnace, 
we  expose  to  it  a  mass  of  platinum  of  known  weight ;  and  when 
the  mass  has  acquired  the  temperature  of  the  furnace,  we  transfer 
it  to  the  brass  vessel  m  (Fig.  364),  containing  a  known  weight  of 
water,  and  observe  the  elevation,  taking  all  the  precautions  men- 
tioned in  tlie  previous  section.  If  the  specific  heat  of  the  plati- 
num is  known,  we  then  have  all  the  elements  for  calculating  the 
temperature.  If  it  is  not  known,  we  can  make  two  determina- 
tions with  unequal  quantities  both  of  platinum  and  water,  and 
thus  obtain  two  equations,  from  which  we  can  eliminate  the 
specific  heat.  Or,  since  the  moan  specific  heat  of  platinum  is 
known  between  0°  and  different  high  temperatures,  we  can  also 
calculate  tlic  temperature  of  the  furnace  from  an  estimate  of  the 
value  of  the  specific  heat  for  the  unknown  temperature,  and 
afterwards  use  the  specific  lieat  corresponding  to  the  tempera- 
ture thus  obtained  for  calculating  a  new  value  of  the  temperature, 
which  will  be  more  exact.  In  order  to  furnish  tlie  data  for  b\icIi 
calculation,  M.  Pouillet  has  determined  by  experiment  the  mean 
specific  heat  of  platinum  between  0°  and  different  high  tempera- 
tures, measured  by  the  air  thermometer.  His  results,  whicli 
are  given  in  the  following  table,  were  obtained  by  the  method 
of  mixtures. 

Mean  Specific  Heat  of  Platinum, 


0  to  100  0.03350 
0  «  300  0.08434 
0  "  500  0.03518 
0  "  700  0.03G02 
40" 


0  to  1000  0.03728 
0  "  1200  0.03818 
0    "     1500         0.03!'38 
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Tlio  change  of  the  specific  heat  with  the  tcmporatiire  becomes 
TCiy  marlicd  as  tlic  solid  approaches  its  melting  point ;  and  this 
is  especially  tlio  case  with  tlioso  solids  which  soften  before  they 
melt.  Hence,  in  stating  the  specific  heat  of  a  substance,  it  is 
important  to  name  tlie  temperatures  between  which  the  deter- 
mination was  made. 

The  specific  heat  of  liquids  varies  with  the  temperature  to  a 
much  greater  extent  than  that  of  solids.  Thus  bromine,  according 
to  Eegnault,  has  the  specific  heats  0.10513,  0.11094,  0.11294, 
between  the  temperatures  — 6°  and  -|-10°,  11°  and  48",  13°  and 
58",  respeotirely.  So,  also,  oil  of  turpentine  has  the  specific  heat 
of  0.426  between  15°  and  20%  and  0.4672  between  15°  and  100'. 

Eegnauit*  has  also  determined  the  speciiic  heat  of  a  large 
number  of  otlier  liquids  by  the  method  of  cooling,  which,  as  he 
found,  gives  more  accurate  results  with  liquid  than  witli  solid 
substances.  Some  of  the  most  important  of  his  resxilts  are  given 
in  the  following  table.  As  a  general  rule,  they  show  that  tlie 
specific  heat  increases  witli  the  temperature.  But  the  dilFerence 
between  the  extreme  temperatures  is  so  small,  that  the  slight 
increase  of  the  specific  lieat  is,  in  some  cases,  more  than  over- 
balanced by  variations  arising  from  other  and  accidental  causes. 


Niunes  uS  Liquias. 

IsMnSpa^monc^ 

r,t.j<r. 

IQ-tolS". 

.."^.a,. 

Merciuj, 

0.0282 

0.0283 

Alcohol  nt  3G=, 

0.0388 

0.6651 

Methjlic  Alcohol,       . 

0.5901 

o.sses 

Osiilo  of  Elhjlp,     . 

0.5207 

0.5158 

0.5157 

Bramide  of  EthjiB,    . 

0.2164 

0.2135 

0.2153 

lodido  of  Ethylo,    . 

0.1587 

0.1584 

0.1584 

Sulphide  of  Ethylo,    . 

0,4716 

0.4653 

0,4772 

Terebenc, 

0.4154 

0.415G 

0.4267 

Oil  of  Citron 

0.4489 

0.4424 

0.4501 

Bichloviclo  ot  Tin 

0.1421 

0.1402 

Chloride  of  &i1itoii 

0.1914 

0.1904 

0.1B04 

Chbndoof  PhoErloni 

0,2017 

0.1987 

0.1991 

SiilpliLdoof  Cirboi 

0.2173 

0.2183 

0.2206 

It  will  be  noticed  that  the  increase  of  the  specifiic  heat  with 
the  temperature  corresponds  to  the  increase  of  the  rate  of  expan- 
sion, and  it  is  probable  that  the  two  classes  of  phenomena  are 
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closely  connected  together.  The  best  explanation  wliieli  we  can 
give  of  tlie  facts  is  this.  If  the  volume  of  a  solid  or  liquid  mass 
of  matter  remained  the  same  at  all  temperatures,  it  is  probable 
that  it  would  require  exactly  the  same  quantity  of  heat  to  raise 
its  temperature  one  degree  at  all  parts  of  the  tbermometric  scale. 
As,  however,  botli  solid  and  liquid  matter  are  expanded  by  heat 
with  an  irresistible  force,  a  portion  of  the  quantity  of  heat  re- 
quired to  raise  the  temperature  of  a  given  mass  one  degree  is 
rendered  latent  in  producing  tliis  mechanical  effect ;  and  since 
the  rate  of  expansion  increases  with  the  temperature,  the  quan- 
tity of  heat  thiis  rendered  latent,  and  lience  also  the  specific 
heat,  must  be  greater  at  high  than  at  low  temperatures. 

Thirdly.  All  substances  have  a  greater  specific  heat  in  tlie 
liquid  than  in  the  solid  state.  This  truth,  which  is  rendered 
evident  by  the  following  table,  is  probably  connected  with  the 
fact  that  the  rate  of  expansion  of  liquids  is  greater  than  that  of 
solids,  and  hence  the  quantity  of  heat  absorbed  in  producing  this 
mechanical  effect  is  also  greater. 


SoHa. 

Uquii.                  1 

tIs,';^':^!. 

Specific 

Tr/er" 

\^L 

Bpeeifle 

Lpatl, 

0°to   100° 

0.0314 

350°  to 

430° 

0.0402 

Btomme,  .        .        .        , 

-78    u   -20 

0.08432 

10    « 

48 

0.1109 

loaino,           .... 

0    «    100 

0.05412 

0.10822 

Mercury,.         .         .         . 
Sulphur,      .... 
Bismuth,  .... 
Zinc, 

-^S    11  -JO 

0    11    100 
0    '1    JOO 

0.0247 
0.2020 
0.03084 
0.0950 

0    ii 
120    .1 

100 
150 
380 

0.234 
0.0363 

Tin,          .... 

0    'i    100 

0.0562 

250    1. 

B,in 

0.0037 

Phospliorus, 

■Water 

10    i-.      30 
under    0 

0.18S7 
0.502 

BO    11 
0    " 

100 
20 

0.212 
1.0000 

Chloride  of  Calcium  f eryat.), 
Nitrate  of  Soda, 
Hitralo  of  Potassa, 

»       0 
0  to   100 
0   "    100 

0.345 

0.27821 

0.23875 

33    ' 
320    * 
350    ' 

80 
430 
435 

0.555 
0.413 
0.3319 

Fourthly.  The  specific  heat  varies  with  the  molecular  condi- 
tion of  a  substance,  and  we  can  say,  in  general,  that  all  causes 
which  increase  the  density  of  a  solid  diminish  its  specific  heat. 
Thus  the  specific  heat  of  artificially  prepared  sesquioxide  of  iron 
diminishes  in  proportion  as  its  density  is  increased  by  calcination, 
and  finally  becomes  equal  to  that  of  the  natui'al  iron  glance.  So 
also  copper,  when  annealed,  has  a  specific  heat  equal  to  0.09501; 
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but  after  its  density  has  been  increased  by  hammcrljig,  flic  spc- 
cilic  heat  ia  found  to  be  only  0.09360.  On  the  other  hand,  the 
specific  heat  of  tin  or  lead  is  not  increased  by  mechanical  pres- 
sure ;  but  then  their  density  also  remains  unchanged. 

The  specific  heat  of  a  substance,  moreover,  is  not  the  same  in 
its  different  allotropic  modifications.  The  speciiic  heat  of  car- 
bon, for  example,  differs  very  greatly  in  its  three  alloti-opic  condi- 
tions, as  is  shown  by  tlie  following  results  of  Regnault.  It  will 
be  noticed  that  in  these  cases,  also,  the  specific  heat  diminishes 
■witli  the  density.  Similar  facts  were  observed  by  Eegnault*  in 
the  case  of  sulphur  and  carbonate  of  lirao. 

"Wood  Charcoal,         ....     0.300  0.2415 

Graphite 2.300  0.2027 

Diamond, 3.dO0  0.1469 

Fifthly.  By  referring  to  the  tables  on  jiages  406, 475,  it  will  he 
seen  that  liquid  water  has  the  greatest  specific  heat  of  any  of  the 
substances  mentioned.  In  fact,  for  tlie  same  temperature,  it 
contains  the  greatest  amount  of  heat  of  any  sohd  or  liquid 
known.  This  property  of  water  makes  the  oceans  of  the  globe 
great  reservoirs  of  heat,  and  hence  the  important  influence  wliich 
they  exert  in  moderating  and  equalizing  the  climate  of  islands 
and  continents. 

On  the  otlier  hand,  it  will  be  noticed  that  mercury  has  a  very 
small  specific  heat.  It  is  therefore  rapidly  heated  or  cooled,  and 
is  in  tliis  respect  also,  as  in  others  (225),  well  adapted  for  its 
use  in  the  thermometer. 

(235.)  Specific  Heat  of  Gases.  —  The  determination  of  the 
specific  heat  of  gases  involves  the  greatest  practical  difficulties, 
and  although  several  extended  investigations  of  the  siibject  have 
been  made  by  eminent  physicists,  yet  the  results  obtained  liave 
been  generally  very  erroneous.  "Witliin  a  few  years,  the  subject 
lias  been  reinvestigated  by  Hegnault,  and  his  determinations  of 
the  specific  heat  of  the  gases  are,  unquestionably,  far  more  accu- 
rate than  those  of  any  previous  experimenter.  Unfortunately, 
however,  as  no  description  of  the  process  employed  by  Regnault 
has  yet  been  published,  we  can  only  state  the  general  results  at 
which  he  has  arrived. 

The  specific  heat  of  a  gas  may  be  defined  in  two  ways  :   first, 

*  Annnles  de  CliUnie  et  de  Physique,  3"  Sciic,  Tom.  I.  p]>,  ISa  and  202, 
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as  the  amount  of  licat  rociiiircd  to  raise  tlic  tcmpcra-ture  of  one 
kilogramme  of  the  gas  from  0°  to  1°,  allowing  the  gas  to  expand 
freely  and  in  such  a  manner  that  it  shall  preserve  a  constant 
elasticity ;  and,  secondly,  as  the  amount  of  heat  required  to 
raise  the  temperature  of  one  kilogramme  of  the  gas  from  0°  to 
1°  -when  the  gas  is  compelled  to  preserve  a  constant  volume,  the 
tension  of  course  increasing.  We  may  distinguish  the  specific 
heats  under  these  two  conditions  as  the  specific  heat  under  cotp- 
stant  pressure,  and  specific  heat  under  constwnt  volume.  In  the 
case  of  liquids  and  solids  we  can  only  determine  the  specific 
heat  under  constant  pressure,  and  in  the  case  of  gases  it  is  only 
tliis  value  which  can  he  determined  by  direct  experiment. 

(236.)  Specific  Heat  of  Gases  under  Comtant  Pressure.  —  As 
preliminary  to  the  determination  of  the  specific  heats  of  the  sepa- 
rate gases,  Regnault  has  established  two  important  principles :  — 

First.  The  specific  heat  of  a  gas  does  not  vary  sensibly  with 
the  temperature.  This  is  illustrated  by  the  following  table,  which 
gives  the  specific  heat  of  air  between  different  limits  of  temperature. 

IntetTsI  of  TemperBlnre.  Sl>eciilo  Heat. 

_30°     to    +10°  0.2377 

10°     "       100°  0.2379 

100°     «       225=  0.2376 


It  will  be  noticed  that  the  differences  are  inconsiderable,  and  the 
same  was  found  to  be  true  of  other  gases. 

Secondly.  The  specific  heat  of  a  gas  does  not  vary  with  the 
pressure,  and  hence  is  the  same  for  all  densities.  Eegnault  ex- 
perimented on  air  and  on  other  gases  under  pressures  which 
varied  from  one  to  ten  atmospheres,  and  found  no  sensible  diiFer- 
cnce  in  the  quantity  of  heat  which  the  same  weight  of  a  gas 
lost,  when  under  these  different  pressures,  iu  cooling  the  same 
number  of  degrees.  Nevertheless,  he  thinks  it  possible  that 
slight  differences  may  exist. 

The  specific  heats  of  the  different  gases  and  vapors,  as  de- 
termined by  Eegnault,  are  given  in  the  following  table.  The 
numbers  in  the  column  headed  "  Specific  Heat  by  Weight " 
correspond  to  those  given  in  all  the  preceding  tables  of  specific 
heats,  and  denote  in  each  case  the  number  of  units  of  heat  re- 
quired to  raise  the  temperature  of  one  kilogramme  of  the  gas 
from  0°  to  V,  assuming  that  tlie  gas  is  allowed  to  expand  freely, 
and  that  the  pressure  is  constant. 
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Specific  Heat  of  Gases  and  Vapors. 


Sp^j 

cHcat. 

peeiflo 

By  We^hl. 

1      ^^^°"-- 

rav,ty. 

s 

)ipk  Gases.. 

A[c, 

0.2377 

0.2377       1        1.0000        1 

Ox}-s=»,          .... 

0.2182 

0 

2413 

1056 

Nilrogcii, 

0.3440 

0 

2370                 0 

9713 

Hjdragen 

3.4046 

0 

2356                 0.0S93         [ 

CWorine 

0.1214 

0 

2962                 2.4400         j 

Emmino,         •        .        ,        . 

0.0552 

0 

2992        1         5 

39 

Com 

pound  Gas^. 

Protoxiile  of  Nitrogea, 

0.233S 

0.3413        1        1 

5250 

0.2315 

0 

2106                  1 

0390 

Oxide  of  Carbon,       . 

0.3479 

0 

2399                  0.9674         j 

Carbonic  Acid, 

0.2104 

0 

d30S                  1 

3290 

Sulphide  of  Carbon,   . 

0.1575 

0 

4146                  2 

6325 

0.1553 

0 

3489                  2 

2470 

diloiTshjdrie  Acid,    . 

0.1845 

0 

2302                  1.2474         | 

Sulpliohjilric  Acid, 

0.2423 

0 

2886               1 

1912 

0.5030 

0 

2994               0 

5894 

Marsh  Gas,     . 

0.5929 

0 

3277                 0 

5527 

Olefiant  Gas,       .... 

0.3694 
0.4750 

0 

3572                  0.9672 

Water, 

0.2950                 0 

6210 

AJeobol,          .... 

0.4513 

0.7171                  1 

5S90 

Ether, 

0.4810 

1.2286                 2 

6563 

Cyanohydno  Ether, 

0.4255 

0.8293                  1 

9021 

Chlorohydric  Etlici-,  .        ,         . 

0.2737 

0.6117                 2 

2350 

Bromohj-drio  Ether, 

0.1816 

0.6777                  3 

7316 

Salphohjdrio  Acid,     . 

0.4005 

1380 

Acetic  Aeid,    .... 

0.4008 

1.2184                  3 

0400 

Chlorofoim 

0.1568 

0.S310                 6 

30 

Dutch  Liquid, 

0.22*13 

O.TBll                  3 

45 

Acetone, 

0.4125 

0.8.S41                  2 

0330 

Benzole 

0.3745 

1.0114                 2 

6943 

Oil  of  Turpentine,     . 

0,5061 

2.3776                 4 

6973 

Terchloride  of  Phosphoiug,    . 

0.1346 

0.6386                 4 

7445 

Terehloride  of  Arsenic,       , 

0.1122 

0.7013               a 

2510 

Chlorido  of  Silicon, 

0.1329 

0.7788                  5 

86 

Bieliloride  of  Tin,      . 

0.0939 

2 

Bichloride  of  Titanium,  . 

0.1263 

0.8634                 6 

8360 
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The  specific  heat  of  a  siibsiance,  -wlietlicr  it  be  a  solid,  a  liciiiid, 
or  a  gas,  is  always,  pi-operly  speaking,  the  number  of  "units  of 
heat  required  to  raise  the  temperatitre  of  one  kilogramme  from 
0°  to  1° ;  and  the  term  is  invariably  used  in  this  sense  in  relation 
to  both  solids  and  liquids.  But  in  the  case  of  gases  some  im- 
portant truths  have  been  discovered  by  comparing  together  the 
amounts  of  heat  required  to  raise  the  temperature  of  equal  vol- 
umes from  0"  to  1°,  irrespective  of  their  -weight.  The  number  of 
units  required  can  in  any  case  bo  readily  calculated  from  the 
specific  heat  and  the  specific  gravity  of  the  gas,  and  this  quantity 
is  usually  called  the  specific  heat  hy  volume. 

By  rcfci-ring  to  Table  II.,  it  Tvill  be  foimd  that  one  cubic  metre 
of  air  at  0°,  and  under  a  pressure  of  76  c.  m.,  weighs  1.29206 
kilogrammes.  Hence,  by  [100],  one  cubic  metre  of  air  at  0°, 
and  under  a  pressure  of  58.75  c.  m.,  will  -weigh  exactly  one  kilo- 
gramme ;  and  one  cubic  metre  of  any  other  gas  as  much  more 
or  less  than  one  kilogramme  as  its  specific  gi-avity  is  greater  or 
less  than  1.  In  other  -words,  the  number  which  stands  for  the 
specific  gravity  also  expresses  the  -weight  of  one  cubic  metre 
under  the  above  conditions  of  temperature  and  pressure.  Now, 
since  the  quantity  of  heat  required  to  raise  the  temperature  of 
any  mass  of  matter  from  0'  to  1°  may  be  found  by  multiplying 
the  specific  heat  of  the  substance  by  its  weight  (232),  it  is  evi- 
dent that  we  can  find  the  quantity  of  heat  required  to  raise  from 
0°  to  V  the  temperature  of  one  cubic  metre  of  any  gas  under 
the  pressure  of  58.75  c.  m.,  by  multiplying  together  the  specific 
heat  of  the  gas  and  tlie  niunber  representing  its  specific  gravity. 
For  example,  the  specific  heat  of  hydrogen  is  3.4046,  and  its 
specific  gravity  0.0692.  Tlie  product  of  these,  two  numbers 
equals  0.2356,  which  is  the  fractional  part  of  a  unit  of  heat 
required  to  raise  the  temperature  of  one  cubic  meii'e  of  hydro- 
gen, measured  under  a  pressure  of  68.75  cm.,  from  0°  to  1°. 
In  like  maimer  all  the  numbers  in  the  column  of  the  last  table 
headed  "  Specific  Heat  by  Volume  "  were  obtained.  These 
numbers  evidently  represent  the  relative  quantities  of  heat  re- 
quired to  raise  tlie  temperature  of  equal  volumes  of  different 
gases  from  0'  to  1°,  and  the  absolute  number  of  units  of  heat 
required  to  raise  the  temperature  of  one  cubic  metre  of  tlie  dif- 
ferent gases  measured  imder  a  pressure  of  58.75  c.  m.  from 
0"  to  1°. 
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By  comparing  the  numbers,  it  will  bo  seen  that  the  specific 
heats  by  volume  of  the  simple  gases  differ  but  slightly  from  each 
other.  Indeed,  the  difference  is  so  small,  that  some  experiment- 
ers have  concluded  tiiat  the  specific  heats  of  all  the  simple  gases 
are  the  same.  The  results  of  Hegnault  do  not  confirm  this 
theory ;  for  although  the  specific  heats  by  volume  of  oxygen, 
nitrogen,  and  liydrogen  are  by  liis  determinations  very  neai'ly 
equal,  those  of  chlorine  and  bromine  are  miich  greater  than  the 
rest,  although  equal  to  each  other.  These  differences,  moreover, 
are  too  large  to  be  accounted  for  by  errors  of  observation,  and 
probably  depend  on  inherent  qualities  of  the  gases  themselves. 

(237.)  ^ecific  Heat  of  Gases  under  Constant  Volume.  —  It 
was  stated  in  (234),  that  a  portion  of  the  quantity  of  heat  re- 
quired to  raise  the  temperature  of  a  given  mass  of  matter  one 
degree  was  rendered  latent  in  producing  the  mechanical  effect 
of  expansion,  and  tliat,  if  tins  expansion  could  be  prevented,  the 
same  quantity  of  heat  would  probably  cause  the  same  elevation 
of  tempeiature  at  all  parts  of  the  thermometer-scale.  In  the 
case  of  sohds  and  liquids  it  is  evidently  impossible  to  verify  this 
theory,  since  they  expand  with  an  irresistible  force.  We  do  not 
meet  with  the  same  difficulty  in  the  case  of  gases.  They  are 
easily  compressed,  so  that  their  volume  can  be  kept  constant 
by  enclosing  them  in  an  unyielding  vessel ;  and  we  should  there- 
fore naturally  expect  to  be  able  to  put  our  theory  to  the  test  of 
experiment.  Now  it  is  a  perfectly  well-known  fact,  that  a  cer- 
tain amount  of  heat  is  rendered  latent  in  producing  the  expansion 
of  a  given  mass  of  gas,  and  that,  on  condensing  the  gas  to  its 
original  volume,  the  same  amount  of  heat  is  set  free.  Indeed, 
the  temperature  of  a  confined  niass  of  air  can  be  raised  by  sudden 
mechanical  condensation  sufficiently  high  to  ignite  tinder, 

If  wo  could  measure,  then,  the  quantity  of  heat  set  free  by 
mechanical  condensation,  we  should  be  able  to  determine  the 
quantity  absorbed  during  the  eqiiivalent  expansion;  and  since 
we  know  the  quantity  of  heat  required  to  raise  the  temperature 
of  one  kilogramme  of  gas  from  0°  to  1°  when  allowed  to  expand 
freely,  we  should  be  able  to  determine  the  quantity  of  heat  re- 
quired to  raise  its  tempcratiiro  from  0°  to  1°  when  confined  and 
not  allowed  to  expand,  by  simply  subtracting  the  amount  ab- 
sorbed during  expansion. 
It  has  been  stated  that  at  0°,  and  under  a  pressure  of  58.75 
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cm.,  one  eiibic  metre  of  air  -weighs  one  kilogramme  ;  and  it  lias 
been  shown  that,  in  order  to  raise  the  temperature  of  this  mass 
of  air  one  degree,  (the  pressure  i-emaining  tlie  same,)  we  must 
impart  to  it  0.2377  unit  of  heat.  But  it  is  also  true  that,  in 
consequence  of  the  increase  of  temperature,  the  volume  of  the 
one  kilogramme  has  increased  ^3,  that  is,  from  1  to  l^^j  ciiMc 
metres  (216).  If  now,  by  increasing  tlie  pressure,  wo  condense 
the  gas  to  its  initial  volume  of  one  cubic  metre,  a  certain  amount 
of  heat  will  be  set  free,  sufficient,  as  we  will  assume,  to  raise  the 
temperature  of  the  kilogramme  of  air  fi-om  1°  to  I'.iS.  This 
shows  that  although  0.2S77  unit  of  heat  will  raise  the  tempera- 
ture of  one  kilogramme  of  air  only  one  degree,  when  allowed  to 
expand  under  a  constant  pressure,  it  will  raise  the  temperature 
of  the  same  mass  of  air  VA2  when  confined  and  preserving  a 
constant  volume.  If,  then,  0.2377  unit  of  heat  will  raise  the 
temperature  of  one  kilogramme  of  air  1°.42,  it  is  easy  to  calcu- 
late how  much  will  be  required  to  raise  its  temperature  one  de- 
gree by  means  of  the  proportion  1.42  : 1  =  0.2377  :  x  =  0.1674. 
This  quantity  is  the  specific  heat  of  air  under  constant  volume, 
and  the  difference  between  0.1674  and  0.2377,  or  0.0703  unit,  is 
the  amount  of  heat  rendered  latent  in  producing  the  expansion 
when  the  air  is  under  constant  pressure. 

It  is  evident  from  the  above  illustration,  that,  if  we  represent 
by  S  the  specific  heat  of  a  gas  under  constant  pressure,  and  by  i 
the  small  increase  of  temperature  which  a  mass  of  gas  undergoes 
when  condensed  2^3  of  its  volume,  we  can  always  calculate  the 
specific  heat  under  constant  volume,  or  S',  by  the  proportion 
1  +  i :  1  ^  S  :  S',  which  gives  for  the  value  of  S', 

S'  =  j^.  [160.] 

An  obvious  method  of  determining  experimentally  the  specific 
heat  of  a  gas  under  constant  volume  would  then  be  to  condense 
the  gas  by  mechanical  means,  and  observe  the  increase  of  tem- 
perature. Such  experiments  have  been  made,  but  the  results 
liave  been  in  all  cases  erroneous,  in  consequence  of  the  unavoid- 
able loss  of  heat,  which  was  absorbed  by  the  walls  of  the  con- 
taining vessel.  —  In  like  manner,  when  we  attempt  to  determine 
the  specific  heat  of  gases  iinder  constant  volume  by  other  direct 
metliods,  we  are  met  at  once  by  practical  difficulties  of  a  similar 
41 
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kind,  and  no  process  has  as  yet  been  discovered  irhich  will  give 
accurate  results.  We  are  therefore  obliged  to  resort  to  indirect 
methods ;  and  fortunately  such  a  method  is  furnished  by  tlie 
principles  of  acoustics. 

By  analyzing  the  condition  of  an  elastic  fluid  during  the  trans- 
mission of  a  sonorous  wave,  Newton  obtained,  for  the  value  of  the 
velocity  of  sound  in  any  gas,  tlie  expression 


'  =  >-f^ 


[ICl.] 


in  which  g-  represents  HiQ  intensity  of  gravity,  H  the  height  of 
the  bai'ometer,  and  5  the  specific  gravity  of  the  gi^  referred  to 
mercxiry  as  unity.  This  formula  gives  for  tlie  velocity  of  sound 
in  dry  air,  at  0°  and  when  S=  76  c.  m.,  tlie'  value  t)  =  279.3 
metres,  which  is  less  than  332.25  metres,  the  true  value  as  ascer- 
tained by  experiment,  by  over  one  sixth  of  the  wholo.  TIio  cause 
of  this  great  discrepancy  between  tlie  observed  and  calculated 
velocity  remained  for  a  long  time  unexplained,  until  Laplaco 
showed  that  the  alternate  expansion  and  contraction  of  the 
elastic  fluid,  constituting  the  sound-wave,  must  produce  a  change 
of  tempemture,  which  would  increase  the  velocity  of  the  trans- 
i  of  the  wave  itself.     In  order  to  take  into  account  the 


effect  thus  produced,  Laplace  multiplied  the  quantity  g- .  -=-  in 
the  formula  of  Newton  hj  the  quotient  -yj,  obtained  by  dividuig 
the  specific  heat  of  the  gas  under  constant  pressure  by  the  spe- 
cific heat  under  constant  voliune.  As  thus  corrected,  the  formula 
of  Newton  b 


"^J 


By  transformation,  we  easily  obtain  from  this  equation  the  ex- 
pression, 

S'  =  ^-/LJ  ,  [16.3.] 

by  which  we  can  calculate  the  specific  heat  of  a  gas  under  con- 
stant volume,  when  the  velocity  of  sound  in  the  medium  and 
the  other  constants  are  known.  Now  the  velocity  of  sound  in 
air  has  been  several  times  carefully  determined  by  direct  experi- 
ment, and  is  probably  known  within  a  metre  ;  and  starting  from 
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the  velocity  in  air,  tlio  science  of  acoustics  furnishes  the  means 
of  determining  the  velocity  in  other  gases.  Thus  it  is  that  we 
have  been  able  to  determine  some  of  the  most  refined  data  con- 
nected witli  the  thermal  condition  of  matter,  by  means  of  phe- 
nomena which  at  first  sight  seem  entirely  independent  of  the 
action  of  heat. 

The  specific  heat  under  constant  voluvte  of  several  gases,  as 
determined  by  Dulong  by  means  of  the  method  just  described, 
is  given  in  the  second  column  of  the  following-  table ;  but  these 
values  must  be  regarded  as  only  approximations.  The  corre- 
sponding values  of  specific  heat  under  constant  pressure  are 
given  in  the  first  column,  repeated  from  the  table  on  page  472, 
for  the  sake  of  comparison.  The  third  column  shows  the  differ- 
ence between  the  specific  heat  under  tlie  two  circumstances,  and 
tlie  last  gives  the  value  oil  -\-  t  in  formula  [160] . 

Specific  Meat  of  Eq'tial  Volumes. 


K„,.„.. 

Under  Con- 
stant Prssaure 

e^Volu™. 

-„.. 

1-hf. 

Air,    .        .        ... 
Oxygen,            .         .         . 
Hydrogen,  .        .        -        . 
Oxide  of  Carbon,   , 
Carbonic  Acid,  .        .        . 
OletknE  Gas,  .        .        . 

0.2377 
0.2412 
0.2356 
0.2399 
0.3303 
0.3572 

0.1673- 

0.1705 
0.1  G75 
0.1691 
0.2472 
0.2880 

0.0704 
0.0707 
0.0fi81 
0.0718 

0.OG02 

1.421 

1.415 
1.407 
1.428 

1.240 

Tiie  numbers  in  the  first  column  of  tiic  above  table  repre- 
sent the  fractional  part  of  one  unit  of  heat  required  to  raise  the 
temperature  of  one  cubic  metre  of  each  gas  (measured  under 
a  pressure  of  58.75  c.  m.)  from  0°  to  1°,  tlie  pressure  remain- 
ing constant,  the  gas  being  allowed  to  expand  freely,  and  in- 
creasing in  volume  ^f^  of  a  cubic  meti'e.  The  numbers  in  the 
second  column  represent  the  corresponding  quantity  of  heat 
required  when  the  volume  is  kept  constant  by  increasing  the 
pressure.  The  difference  of  these  quantities,  or  S —  S',  is,  then, 
the  quantity  of  heat  absorbed  by  one  cubic  metre  of  each  gas, 
measured  as  above  described,  in  expanding  s}s  of  its  hiitial 
volume. 

we  shoiilil  oblain,  for  the  value 
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By  compai-iiig  the  quantity  of  Iicat  thus  rendered  latent  in 
the  case  of  air  with  tliat  which  remains  free,  and  consequently 
raises  the  temperature  of  the  gas,  it  will  be  found  that  they  stand 
to  each  other  very  nearly  in  the  proportion  of  2  to  5.  Hence,  of 
seven  units  of  heat  imparted  to  a  mass  of  free  air  for  the  pur- 
pose of  increasing  its  temperature, —  as,  for  example,  in  warming 
tlie  air  of  a  room, —  two  units  are  absorbed  in  expanding  the 
air,  so  that  the  elevation  of  temperature  results  entirely  from 
the  remaining  five. 

By  comparing  the  values  of  S —  S',  it  will  he  noticed  that  the 
(juantity  of  heat  absorbed  by  equal  vohimes  of  these  different 
gases,  in  expanding  to  an  equal  extent,  is  very  nearly  the  same 
in  all  cases.  Dulong  has  verified  this  principle  in  the  case  of  a 
large  number  of  gases  not  included  in  the  above  table,  and  has 
stated  the  law  in  the  following  simple  terms :  — 

1.  Equal  volumes  of  all  gases,  measured  at  the  same  tempera- 
ture and  pressure,  set  free  or  absorb  the  same  quantity  of  heat 
when  they  a/re  compressed  or  expa/nded  the  same  fractional  part 
of  their  volume. 

If  the  specific  heat  of  the  gases  were  all  equal,  the  same 
change  of  volume,  and  consequently  the  same  absorption  or 
liberation  of  heat,  would  caiisc  the  same  change  of  temperature. 
This,  however,  is  not  the  case,  except  with  oxygen,  hydrogen,  and 
nitrogen.  The  specific  heats  of  the  compound  gases  differ  very 
considerably  from  each  other,  and  the  change  of  temperature 
caused  by  the  same  change  of  volume  is  smaller  in  proportion  as 
the  specific  heat  of  the  gas  is  greater.  Hence  tlie  second  law  of 
Dnlong,  which  should  be  read  in  connection  with  the  first. 

2.  The  variations  of  temperature  which  result  are  in  the  in- 
verse ratio  of  the  specific  heats  under  consta/nt  volume. 

Whetlier  these  empirical  laws  of  Dulong  are  the  exact  expres- 
sions of  the  truth,  or  whether  they  are  merely  close  approsiraa- 
tions,  remains  yet  to  be  ascertained  by  further  investigation, 

(238.)  Mechanical  Equivalent  of  Heat.  —  The  doctrine  of  the 
conservation  of  the  physical  forces  has  famished,  through  the 
investigations  of  Joule  on  the  mechanical  equivalent  of  heat,  a 
most  remarkable  confirmation  of  the  results  of  the  last  section. 
According  to  this  doctrine,  there  is  an  exact  equivalency  of  cause 
and  effect  between  all  the  forces  of  nature.  Thus,  in  the  case 
of  heat,  it  woiild  assume  that  a  given  mechanical  effect  would, 
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under  all  circumstances,  be  accompanied  by  the  abRorption  of 
tlie  same  araomifc  of  lieat ;  and  conyersely,  tliat  the  same  quantity 
of  heat  should,  under  all  conditions,  do  the  same  amoiint  of 
mechanical  work  —  for  example,  should  raise  a  given  weight 
through  the  same  height  —  in  whatever  way  it  may  be  applied. 
It   is   a  well-known  fact,  that  friction   is,  under  all  circum- 
stances, attended  with  evolution  of  heat.     Now,  since  friction 
represents  tlie  expenditure  of  force,  it  follows  tliat  tlie  quantity 
of  heat  evolved  by  friction  is  the  equivalent  of  the  mechanical 
force  expended  in  overcoming  it.     Joule  was  therefore  able  to 
fix  the  mechonioil  equivalent  of  heit,  by  measuring  the  quantity 
of  heit  gen  rated  by  friction,  and  comparing 
this  with  the  power  (42)  expended  in  over- 
comnig  the  friUion      The  heat  was  generated 
by  tlie  fiiction  of  water,  and  the  apparatus  he 
us  d  for  tlie  purpose  is  represented  in  Fig. 
"6")       It  consisted  of  a  brass  paddle-wheel, 
fumi'ihed  with  eight  sets  of  revolving  arms, 
woikmg  between  four  sets  of  stationary  vanes 
affixed  to  i   ftimework,  also  of  sheet-brass. 
^E  3  Tins  frime  fitted  fiimly  into  a  copper  vessel 

containing  from  six  to  seven  kilogrammes  of 
water.  In  the  lid  of  the  vessel  there  were  two  necks,  the  first  for 
the  axis  to  revolve  in  without  touching,  the  second  for  the  inser- 
tion of  tlip  thermometer.     The  paddle-wheel  was  set  in  motion 


by  means  of  two  weights  connected  with  its  axis  by  a  system  of 
cords  and  pulleys,  as  represented  in  Fig.  366.  In  making  tlie 
experiments,  the  weights  were  wound  up  by  means  of  the  handle 
V,  attached  to  the  wooden  cylinder  v  s,  and  after  observing  the 
41* 
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temperature  of  tbe  water  iu  the  vessel,  the  cylinder  vas  fixed  to 
tlie  axis  of  tlie  paddle,  wiiicli  was  then  made  to  revolve  by  the  fall 
of  the  weights  to  the  floor  of  the  laboratory,  causing  a  friction 
against  the  water  iu  the  Tessel,  The  cylinder  was  tlieu  removed 
from  the  axis,  the  weights  wound  up  again,  and  the  friction  re- 
newed. After  this  had  been  repeated  twenty  times,  the  experi- 
ment was  concluded  with  another  observation  of  tlie  temperature 
of  the  water.  The  mean  temperature  of  the  laboratory  was 
determined  by  observations  made  at  the  beg:inmiig,  middle,  and 
end  of  the  experiment,  and  tlie  quantity  of  heat  which  the  vessel 
lost  by  radiation  and  other  causes  was  determined  in  every  case 
by  means  of  a  second  experiment,  made  under  precisely  the  same 
circumstances  as  the  first,  with  the  apparatus  at  rest.  It  was 
then  easy  to  calculate,  by  means  of  [159] ,  the  number  of  units 
of  heat  developed  by  tlie  friction  of  the  water,  since  the  weights 
of  tlie  copper  vessel,  of  the  brass  paddle  and  frame,  and  of  the 
water,  as  well  as  tlieir  several  capacities  for  heat,  and  the  increase 
of  temperature  caused  by  the  friction  of  tlie  particles  of  water, 
were  known.  This  quantity  of  heat  was,  then,  evidently  the 
equivalent  of  tlie  mechanical  force  expended  in  moving  the 
paddles  and  overcoming  the  friction.  In  order  ,to  estimate 
the  mechanical  force  thus  expended,  the  value  of  the  weights, 
the  hoigJit  through  which  they  fell,  and  the  velocity  of  the 
fall,  were  accurately  measured. 

In  one  series  of  experiments,  tlie  value  of  the  weights  was 
406,152  grains,  the  total  fall  in  inches  1,260.248,  and  the  ve- 
locity 2.42  inches  per  second.  The  weight,  startling  from  the  state 
of  rest,  soon  acquired  the  velocity  of  2.42  inches,  and  afterwards 
moved  with  a  uniform  motion  until  it  reached  the  ground,  where 
tlie  velocity  was  destroyed.  During  the  uniform  motion,  it  is 
evident  that  the  intensity  of  the  force  of  gravity  acting  on  the 
weights  was  entirely  expended  m  overcoming  the  friction  of  the 
water  (42) ;  but  before  the  motion  became  uniform,  a  portion 
of  the  force  was  expended  in  imparting  velocity  to  the  weights. 
The  whole  mechanical  power  expended  in  overcoming  the  fric- 
tion of  the  water,  and  thus  generating  heat,  is  then  the  power  gen- 
erated by  the  force  of  gravity  acting  on  the  mass  of  the  weights 
through  the  whole  distance  fallen,  less  the  power  generated  by 
the  same  force  acting  through  the  distance  roqiiircd  to  impart 
a  velocity  of  2,42  Inches.     By  [6],  we  find  that  a  fall  through 
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0.0076  of  an  inch  -vvoTild  impart  a  velocity  of  2.42  ;  and  since  the 
iveiglits  were  wound  up  twenty  times  in  eacli  experiment,  a  fall 
through  twenty  times  0.0076,  or  0.152  mch,  would  represent 
the  entire  loss  due  to  the  increase  of  velocity.  Hence  the  me- 
chanical power  expended  in  overcoming  the  friction  of  the  water 
was  a  force  having  the  intensity  of  406,152  grains,  acting  through 
1,260.096  inches.     Compare  (63). 

We  have  assumed,  in  this  estimate,  that  the  intensity  of  the 
force  of  gravity  was  entirely  expended  in  overcoming  the  friction 
of  the  whole ;  but  tliis  was  not  the  case,  for  a  portion  of  tlie  force 
was  used  in  overcoming  the  friction  of  the  pulleys  and  the  rigid- 
ity of  the  cord.  This  was  ascertained  hy  a  separate  experiment, 
in  which  the  pulleys  and  cord  were  disconnected  from  the  paddle- 
wheel,  to  he  equal  to  2,837  grains  acting  during  the  whole  time, 
wliich,  deducted  from  tlie  value  of  the  weights,  gives  403,315 
grains  for  tlie  actual  fofce  overcome  hy  the  friction.  This 
force,  acting  through  1,260.096  inches,  is  equivalent  to  a  force  of 
6,050.186  pounds  acting  through  one  foot,  or,  using  the  technical 
expression,  to  6,050.186  foot-pounds.  But  in  order  to  ohtain  the 
whole  power  overcome  by  the  fnction,  we  must  add  to  this  amount 
16.928  foot-pounds  for  the  force  developed  hy  the  elasticity  of 
the  string  after  the  weights  touched  the  ground,  making  the 
whole  mechanical  force  expended  in  overcoming  friction,  and 
thus  developuig  heat,  equal  to  6,067.114  foot-pounds,  as  the  mean 
of  all  the  experiments  of  the  series.  The  same  series  of  experi- 
ments gave,  for  the  mean  value  of  the  quantity  of  heat  evolved, 
7.842299  English  units  ;  *  and  hence,  |^^  =  773.64  foot- 
pounds will  be  the  force  which  is  equivalent  to  one  English 
unit  of  heat. 

In  these  experiments  a  portion  of  tlie  force  is  used  in  over- 
coming the  resistance  of  tlie  air,  and,  making  the  correction 
necessary  to  reduce  the  results  to  a  vacuum,  and  omitting  the 
fraction,  we  get  772  foot-pounds  as  the  mechanical  equivalent, 
which  Joule  regards  as  the  most  probable  value.  Similar  experi- 
ments, in  which  the  friction  was  produced  by  an  iron  paddle- 
wheel  revolving  in  mercury,  and  others,  in  which  it  was  produced 
by  two  cast-iron  wheels,  gave  for  the  mechanical  equivalent  of  heat 
774  footpounds,  —  a  number  which  is  surprisingly  near  tlie  first. 

*  The  English  unit  of  heat  is  the  quantity  of  lieat  required  to  raise  one  pound  of 
water  one  Fahrenheit  degi'ee  between  55°  and  60°. 
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We  have  given  the  above  calculation  in.  English  weights  and 
measures,  because  it  is  so  given  in  tlie  original  memoir*  to 
which  we  would  refer  for  furtlier  details.  In  the  French  system, 
these  results  correspond  to  430  and  432  Iiilogramme-mctres, 
or,  in  other  words,  tlie  unit  of  heat  is  equivalent  to  a  force  of 
430  kilogrammes  acting  through  one  metre. 

Let  us  now  see  in  what  way  these  results  of  Joule  confirm 
those  stated  in  the  last  section.  It  will  he  remembered  that  the 
value  of  the  specific  heat  of  air  under  constant  volume  was  de- 
duced from  the  velocity  of  sound.  Tliis  value  furnishes  us  witli 
all  tlie  data  required  for  calculating  the  mechanical  equivalent 
of  heat ;  and  if  the  doctrine  of  the  conservation  of  forces  is  coi^ 
rect,  the  equivalent  calculated  from  the  velocity  of  soiind  ought 
to  agree  with  tliat  determined  by  Joule  from  his  experiments  on 
friction.  Such  an  agreement  would  not  only  confirm  the  value 
which  has  been  assigned  to  the  specific  heat  of  air,  but  it  would 
also  tend  to  confirm  the  doctrine  in  question. 

Let  us  suppose  that  we  have  a  cylinder,  the  ai-ea  of  whose  base 
equals  1  cTm.',  filled  to  the  height  of  273  c.  m.  with  air  at  0°  and 
under  a  pi-essure  of  76  c.  m.  By  Table  II.  the  weight  of  this 
mass  of  air  would  be  equal  to  0.3531  gramme.  If  we  raise  the 
temperature  of  this  air  from  0°  to  1°,  it  will  expand  sU  of  its 
volume,  and  will  rise  in  the  cylinder  one  centimetre,  thus  lift- 
ing the  weight  of  tlie  atmosphere  on  the  base  of  the  cylinder  — 
1,033.3  grammes — through  tliis  distance.  The  quantity  of  heat 
required  to  raise  the  temperature  of  0,3527  gramme  of  air  from 
0°  to  1°  is,  by  (236),  equal  to  0.3527  X  0.00023T,  or  0.0000836 
unit.  Of  tliis  amount,  a  part  only  is  consumed  in  expanding 
the  air,  tlie  rest  remaining  free  and  increasing  the  temperature 
of  the  mass  of  gas.  By  (237),  the  pai-t  which  does  the  mechan- 
ical work  is  equal  to  the  difference  between  the  specific  heat  under 
constant  pressure  and  the  specific  heat  under  constant  voliime. 
Hence,  in  the  present  case,  it  is  equal  to  [160] 

0.0000836  —  {0.0000886  -h  1.417)  =  0.0000246  unit  of  heat. 

It  follows,  then,  that  in  the  expansion  of  air  0.0000246  unit  of 
heat  will  raise  1,033,3  grammes  one  centimetre,  or,  what  is  equiv- 
alent to  this,  one  unit  of  heat  will  raise  419  kilogrammes  one 

*  Pliilosopliical  Ti-anaaulions,  London,  1650,  Part  J.  p.  61. 
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metre.  The  difference  between  this  Talue  of  tlie  mecliaDJcal 
equivalent  of  heat  and  that  obtained  by  Joule  (430  kilogranmie- 
metres)  is  very  small,  considering  the  entirely  heterogeneous 
data  which  enter  into  the  calculation. 

Assuming,  tlien,  that  the  doctrine  of  the  mechanical  equiva- 
lency of  heat  is  established,  it  follows  that  the  law  of  Dulong 
(237)  holds  in  all  cases  where  the  same  mechanical  power,  act- 
ing on  equal  volnmes  of  different  gases,  causes  the  same  amount 
of  condensation.  But,  as  we  have  seen,  this  is  not  always  the 
case ;  hence  the  law  of  Dulong  must  be  subject  to  tlie  same  limi- 
tation as  tliat  of  Mariotte  (165).  Indeed,  tlie  law  of  Dulong  is 
probably  only  an  imperfect  oxpi'ession  of  the  mechanical  equiva- 
lency of  heat,  and  is  true  so  far  as  the  same  expansion  or  com- 
pression represents  the  same  amount  of  mechanical  work. 


Specific  Heat. 

291.  Mow  much  lieat  is  required  1o  raise  the  temperature  <if 

500  kilogrammes  of  water      from        i°  C.  to  94"  ' 

235           "           "         Eulphnr      "  20"        "  lUO'  1 

336            "           "         thareoal    "  5°        '■  600°  i 

9.467  grammas  of       alcohol      "  3°      "  20° ' 

10.234            "           "         ether           "  — 2oo        "  13°' 

292.  Calculate  the  quantify  of  heat  which  is  requireil  to  raise  the  tem- 
perature of  the  weight  of  the  different  elements  repreaented  by  their  chem- 
ieal  equivalents  one  degree. 

293.  The  following  quantities  of  water  were  mised  together :  — 

2  kilogrammes  of  water  at  10°  C, 


"What  was  the  temperature  of  the  mixture  ? 

294.  The  quantities  of  water  Wi,  Wj,  Wg,  w,,  at  the  respective  tempera- 
tures of  t°,  (2°,  t°,  t°,  were  mixed  together.  What  was  the  tempera- 
ture of  the  mixture  ? 

295.  How  much  water  at  99°  and  how  much  water  at  11°  must  be 
mixed  together,  in  order  to  obtain  20  kilogrammes  of  water  at  30°  ? 

296.  Determine  the  temperature  of  a  mixture  of  one  kilogramme  of 
water  at  100°  and  one  kilogramme  of  mercury  at  0°  ;  also  of  one  kilo- 
gramme of  mercury  at  100°  and  one  kilogramme  of  water  at  0°. 

297.  How  many  kilogrammes  of  mercury  at  100°  mu^t  be  added  to  one 
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kilogramme  of  water  at  0°  in  order  that  the  temperature  of  the  mixture 
may  be  50°  ?  Also,  how  much  water  at  100°  must  be  added  to  one  kilo- 
gramme of  mercury  at  0°  to  raise  its  temperature  to  50°  ? 

298.  Equal  volumes  of  mercury  at  100°  and  water  at  0°  are  mixed 
together.     Required  Ihe  temperature  of  the  mixture. 

299.  A  mass  of  matter  weighing  6.17  kilogrammes  at  the  temperatura 
of  80°  is  mixed  with  25,45  kilogrammes  of  water  at  the  temperature  of 
I2°.5.  The  mixture  is  found  to  have  the  temperature  of  14° .17.  What 
is  the  specific  heat  of  the  body  ? 

SOO.  How  many  kilogrammes  of  gold  at  45°  would  be  required  to  raise 
the  temperature  of  1,000.58  grammes  of  water  from  12". 3  to  15°.7  ? 

801.  The  specific  heat  of  an  alloy  containing  one  equivalent  of  lead 
(103.G  parts)  and  one  equivalent  of  tin  (58.8  parts)  was  found  by  experi- 
ment to  be  0.0407.  How  does  this  value  correspond  with  that  which  may 
be  calculated  on  the  assumption  that  the  alloy  is  a  mechanical  mixture  of 
the  two  melals  ? 

302.  The  specific  heat  of  sulphide  of  mercury  {Hg  S)  was  found  by 
experiment  to  be  0.0513.  How  does  this  value  agree  with  that  calculated 
on  the  assumption  made  in  the  last  problem  ? 

303.  A  piece  of  iron  weighing  20  grammes  at  the  temperature  of  98° 
ia  dropped  into  a  glass  vessel  weighing  12  grammes,  and  containing  150 
grammes  of  water  at  10°.  The  temperature  of  the  water  is  thus  raised  to 
10°.29.  Eequired  the  specific  heat  of  iron,  knowing  that  the  specific  heat 
of  glass  is  0.19768. 

304.  The  weights  of  difierent  substances,  te,,  w^,  Wg,  Wt,  at  the  re- 
spective temperatures  (,°,  tt,  t^,  t^",  and  having  the  respectivp  specific 
heats  e,,  Ca,  Cj,  Cj,  are  supposed  to  be  mixed  together.  Required  the  spe- 
cific heat,  O,  of  the  mixture  in  terms  of  the  other  values. 

305.  (Mculate  the  specific  heat  of  oil  of  turpentine  from  the  follow- 
ing data :  42.57  grammes  of  the  oil  at  83°.7  were  mixed  with  470.3 
grammes  of  wiUer  at  12° .23  ;  the  temperature  of  the  mixture  was  found 
to  be  15°.57 ;  the  oil  was  enclosed  in  a  glass  tube  weighing  5.26  grammes 
and  having  a  specific  heat  equal  to  0.177 ;  lastly,  the  water  was  contained 
in  a  copper  vessel  weighing  45.25  grammes,  and  having  a  'jpeciflc  heat 
equal  to  0.036. 

306.  A  platinum  ball  weighing  l.W  grammes  is  heated  to  1,000°,  and 
then  plunged  into  one  kilogramme  of  water  at  10°.  After  an  equilibrium 
is  established,  how  high  is  the  temperature  of  the  watfr,  assuming  that 
the  water  receives  all  the  heat  which  the  platinum  ball  loses?  If  the 
water  is  cont^ned  in  a  brass  vessel  weighing  200  grammes,  how  high 
would  be  the  temperature  of  the  water  ? 

807.  A  platinum  hall  weighing  100  grammes,  after  having  been  ex- 
posed for  some  time  to  the  heat  of  a  furnace,  is  thrown  into  a  brass  ve==el 
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containing  750  grammes  of  water  at  o".  The  weight  of  the  hraas 
amounted  to  150  grammes,  and  the  temperature  of  the  water  after  the 
equihhnum  was  estaWished  to  15°.  What  was  tlie  temperature  of  llie 
iuniace,  assumiog  that  no  heat  was  lost  from  the  vessel  and  water  during 
the  expenment  ? 

308.  How  much  heat  ia  required  to  raise  the  temperature  of  one  cubic 
metre  each  of  air,  oxygen,  carbonic  acid,  and  hydrogen  from  0°  to  15°,  as- 
suming that  the  gas  is  allowed  to  expand  freely,  and  tliat  the  pressure  is 
constant  at  76  cm. 

809.  A  room  measures  7  metres  by  6  on  the  floor,  and  is  4  metres  high. 
How  much  heat  is  required  to  raise  the  temperature  of  the  aii-  in  that 
room  from  5°  to  18°  when  the  barometer  stands  at  76  c  m.  ?  How  much 
heat  is  lost  in  expanding  the  mr  of  the  room  ? 

310.  How  much  heat  would  be  required  to  raise  1,000  kilogrammes  of 
water  100  metres,  if  the  full  effect  of  the  heat  were  realized? 


(239.)  Coefficient  of  Expansion.  —  It  has  already  been  stated 
(216)  that  the  first  effect  of  heat  on  matter,  in  either  of  its  three 
states,  is  to  expand  it ;  and  ive  have  also  examined  the  most 
important  means  by  which  the  effects  of  expansion  are  used  as  a 
measure  of  temperature.  We  -will  now  study  the  phenomena  of 
expansion  more  in  detail ;  but,  first,  we  will  establish  a  few  for- 
mulae by  which  the  amount  of  expansion  can  be,  in  any  case, 
readily  calculated. 

Linear  Expansion.  —  The  small  fraction  of  its  length  by 
which  a  rod  of  iron,  or  of  any  other  solid,  one  metre  long, 
expands,  when  heated  from  0°  to  1°,  is  called  the  Coefficient  of 
Linear  Expansion  of  the  solid.  A  bar  of  iron  one  metre  long  at 
0°  becomes  1.0000122  at  1°,  and  the  small  fraction  0.0000122  is 
the  coefficient  of  luiear  expansion  of  iron.  If  we  assume  that 
the  expansion  is  proportional  to  tho  temperature,  then  a  bar  of 
iron  one  metre  long  at  0°  becomes  1.00122  metres  long  at 
100%  1.00244  at  200°,  1.0061  at  500°,  etc.  Hence  a  bar  of 
iron  26.354  metres  long  at  0°  would  become  1.0061  X  26.354 
=  26.515  at  500'.  To  make  tlie  solution  general,  let  ^  =  co- 
efficient of  expansion  ;  then  1  -J-  A:  =  increased  length  of  a  rod 
wliichis  one  metre  long  at  0°,  when  heated  tol",  and(l-f-iA)  = 
increased  length  at  f.     Hence  l(l-\-tk')  =  increased  length  of 
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a  Tod  at  f  "whiclii  is  /  metres  long  at  0°.  Bepresentijig,  tlioii,  by 
I',  tliis  increased  length,  ■^■e  have 

I'  =  I  (1 -\- t  Ic)  ;  [164] 

by  which  we  can  easily  calculate  the  length  of  a  rod  of  any 
metal  at  t°,  when  its  length  at  0°  and  its  coefficient  of  espansioii 
are  given.  The  coefficients  of  expansion  of  the  Bolids  most  fre- 
quently used  in  the  arts  are  given  in  Table  XV. 

It  is  frequently  the  case  that  -we  do  not  know  the  length  of 
the  rod  at  0°,  but  only  at  some  other  temperature,  t,  and  it  is 
required  to  determine  the  length  at  a  second  temperature,  t\ 
which  may  be  either  higher  or  lower  than  t.  To  obtain  a  formula 
for  the  purpose,  denote  by  I  the  unknown  length  of  the  rod  at  0°, 
by  V  the  known  length  at  f,  and  by  I"  the  requhcd  length  at  t'°. 
We  have  then,  as  above, 

I'  =  l(l-{-tk'),         and         I"  =  I  (l  +  H'ft). 

By  comljining  these  equations,  we  obtain 

W  [1  +  k  (f  —  0  +  -fee-]        [1^5-] 

All  the  terms  of  the  quotient  after  the  first  may  be  neglected, 
because  they  contain  powers  of  the  already  very  small  fraction  k. 
"We  have  assumed  that  the  expansion  of  solids  is  proportional 
to  the  temperature,  but  this  is  not  strictly  true ;  for  the  rate 
of  expansion  of  solids,  like  that  of  mercury  (219),  increases, 
although  but  very  slightly,  as  the  temperature  rises.  The  co- 
efficient of  expansion  is  not,  therefore,  absolutely  the  same  at 
all  parts  of  the  thcrmometer-scalo ;  hut  the  difference  is  so  small 
that  we  can  neglect  it,  except  in  the  most  refined  investiga- 
tions, more  especially  if  we  use,  not  the  coefficient  observed  at 
any  particular  temperature,  hut  a  mean  coefficient  obtained  by 
dividing  by  100  the  tctal  amount  of  expansion  between  0°  and 
100°,  by  which  means  we  average  the  error. 

Cubic  Expansion.  —  The  small  fraction  of  its  volume  by 
which  one  cubic  centimetre  of  a  solid,  liquid,  or  gas  increases 
when  heated  from  0°  to  1°,  is  called  the  Coefficient  of  Cubic 
Expansion  of  that  substance.  The  coefficient  of  expansion  of 
mercury,  for  example,  is  0.00018  ;  tliat  is,  oiio  cubic  centimetre 
of  mercury  at  0'  becomes  1.00018  ^^^^  at  1°.     Assuming  then 
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that  the  expansion  is  proportional  to  the  temperature,  wc  obtain, 
by  tlie  same  course  of  reasoning  as  above,  the  formula 

by  ■which  the  increased  volume  (  V)  of  any  mass  of  matter  may 
be  calculated,  when  tlie  -volume  at  0°  (  V),  the  temperature  ((), 
and  tlie  coefficient  of  ciibic  expansion  (_K'),  are  known.  In  like 
manner  we  easily  obtain  the  formula 

V"  =  7'  [1  +  ^  Q'  —  0],  [167.] 

wlncliwill  enable  us  to  calculate  the  volume  of  a  body  at  i'"  from 
the  volume  at  (°  and  the  coefficient  of  expansion. 

(240.)  The  Coefficient  of  Cubic  Expa/nsion  is  three  times  as 
great  as  the  Coefficierd  of  Linear  Expansion.  —  The  truth  of  this 
simple  principle,  which  enables  us  to  calculate  one  coefficient 
wlien  the  otlier  is  given,  can  easily  be  proved.  For  this  purpose, 
let  us  suppose  that  we  have  a  cube  of  glass  measuring  one  cen- 
timetre on  each  edge  at  0°  ;  and  let  lis  inquire  what  will  be  its 
increased  volume  at  1°,  assiuning  that  the  coefficient  of  linear 
expansion  is  known.  At  1°  each  edge  of  this  glass  cube  will 
be  (1  +  K)  c.  m.  long.  Hence  the  increased  voliune  of  the  cube 
will  be  equal  to  (1  +  ft)^  =  1  +  3  &  +  3  &*  +  &'  ;  but  as  ft 
is  an  exceedingly  small  fraction,  ft°  and  k"  may  be  neglected 
in  compfirison  without  any  sensible  en-or,  so  that  the  volume 
of  a  cube  of  glass  which  is  one  cubic  centimetre  at  0°  becomes 
(1  _|-  3  ft)  ^TnT'  at  1°.  Since  by  [166}  the  volume  of  this  same 
cube  at  1°  would  also  be  expressed  by  (1  -[-  K~)  t,  m.%  it  follows 
that  K=  3  ft,  which  was  to  be  proved, 

(241.)  The  increased  capacity  of  a  hollow  vessel,  in  conse- 
quence of  the  expansion  of  its  wall,  may  be  foimd  by  calculat- 
ing the  increased  volume  of  a  solid  mass  of  the  same  substance 
which  would  Just  fill  the  interior  of  the  vessel.  —  A  moment's 
reflection  will  show  the  truth  of  this  statement.  Let  the  hollow 
vessel  be  a  glass  globe,  and  let  us  conceive  of  it  as  filled  with  a 
solid  globe  of  glass.  If  this  mass  be  heated,  it  is  evident  that 
the  glass  vessel  will  expand  just  as  if  it  formed  the  outside  shell 
of  a,  solid  globe  ;  the  same  must  be  true  when  the  interior  core  is 
not  present. 
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Expansion  of  Solids. 

(242.)  Measm-ement  of  Linear  Expansion.  —  The  earliest 
accurate  determinations  of  the  coefficients  of  linear  expansion  of 
solids  were  made  by  Layoisier  and  Laplace  with  the  apparatus 
represented  in  perspective  by  Fig.  367,  and  in  section  by  Pig.  368. 
This  apparatus  consisted  of  two  parts :  first,  of  a  copper  tank, 
in  which  a  bar  made  of  the  solid  whose  coefficient  was  to  be 
determined  was  heated  to  a  uniform  temperature  by  immersing 
it  ill  heated  oil  op  water  j  and,  secondly,  of  four  stone  posts  sup- 
porting ail  ingenious  contrivance  for  measuring  the  increase  of 
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leugtli.  Thf  solid  bar,  about  two  meties  m  length  rented  in  tho 
tank  on  rollers,  with  one  end  bearing  against  an  upright  immov 
able  glass  bar,  J" (sec  Pig.  368),  firmly  fastened  by  cross-pieces  to 
the  two  stone  posts  on  the  left-hand  side  of  Fig.  ^67,  and  T\ith 
the  otlicr  end  bearing  against  the  lever,  D.    The  upper  end  of 


this  lever  was  attached  to  a  horizontal  axis  turning  in  sockets 
inserted  into  the  two  stone  pillars  on  the  right  of  Pig.  367,  and 
having  at  one  end  the  telescope,  (?,  adjusted  with  its  axis  perpen- 
dicular to  the  lever  D.  The  telescope  was  furnislied  wi^i  a 
micrometer  eye-piece,  and  as  it  was  turned  by  the  expansion  of 
the  bar,  tlie  cross-wires  moved  over  the  divisions  of  a  scale,  A  B, 
placed  in  a  vertical  position  at  the  distance  of  fifty  metres  or 
more  from  the  instrument. 
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The  apparatus  -R-as  used  in  the  following  manner.  The  bar 
having  been  placed  in  position,  the  tank  was  filled  with  ico-eold 
water,  and  the  observer  noted  the  division  of  the  scale  on  which 
the  cross-wire  of  tlie  telescope  was  projected.  The  cold  water 
was  then  withdrawn  by  a  stopcock,  and  its  place  supplied  with 
boUing  water.  The  temperature  soon  became  stationary  and 
was  ascertained  by  thermometers  placed  at  the  side  of  the  bar, 
when  the  observer  again  noted  the  division  on  tlie  scale  with 
which  the  cross-wire  of  the  telescope  coincided.  Knowing,  now, 
the  distance  A  B  on  the  scale  over  wliich  the  cross-wire  had 
moved,  also  the  distance  A  G  of  the  scale  from  the  axis  of  ro- 
tation of  the  telescope,  and,  lastly,  the  length  of  the  lever  G  H, 
it  was  easy  to  determine  the  value  of  H  C,  the  elongation  of 
the  bar.  Tlie  two  triangles  ABG  and  H C G  aro  similar 
by  construction,  and  we  have  H  C  :  H  G  ^  A  B  :  A  G,  oi 
E C  !=  AB  --Tp-  The  value  of  -j-ff  depends,  evidently,  on 
tlio  dimensions  of  the  apparatus.  In  that  used  by  Lavoisier 
and  Laplace  it  was  about  j-lj,  so  that  ifO=  =jj,  and  hence 
any  error  in  the  measurement  oi  AB  was  divided  744  times  in, 
the  result. 

The  length  of  the  bar  at  0"  being  known,  and  the  elongation 
corresponding  to  an  observed  number  of  degrees  having  been 
measured  as  just  described,  it  was  easy  to  determine  the  coeffi- 
cient of  expansion  by  dividing  the  elongation  in  fractions  of  a 
metre  by  the  length  of  the  bar  in  meti-es  and  by  the  number  of 
degrees.  For  example,  let  us  suppose  that  the  length  of  the  bar 
at  0°  was  1.786  m.,  and  that  the  elongation  corresponding  to  80° 
was  0.004  ;  the  coefficient  of  expansion  would  then  be  0.004  -i- 
(1.786  X  80)  =  0.000028. 

Since  tlio  experiments  of  LaToisicr  and  Laplace,  the  linear 
coefficient  of  expansion  of  glass  and  of  tiie  metals  most  used  in 
the  arts  has  been  redetermined  by  a  number  of  physicists,  and 
with  various  methods ;  but  as  these  methods  do  not  involve  the 
application  of  any  new  principle,  it  is  not  important  to  describe 
them. 

(243.)  Determination  of  Coefficient  of  Cubic  Expansion.  — 
We  have  already  seen  that  the  coefficient  of  cubic  expansion  is 
three  times  tliat  of  linear  expansion,  so  tliat  the  cubic  expansion 
of  a  homogeneous  solid  can  always  be  easily  calculated  from  the 
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linear  expansion.  In  many  cases,  liowever,  tlie  coefficient  of 
cubic  expansion  can  be  measured  witli  more  accuracy  tliau  llie 
other,  and  it  is  then  best  to  reverse  the  calculation.  The  coeffi- 
cient of  cubic  expansion  of  several  solids  can  be  determined  -with 
great  accuracy,  by  means  of  a  process  based  on  the  apparent 
expansion  of  mercury,  which  will  be  described  in  (254).  It  can 
also  be  detennined  in  the  following  manner  from  the  specilic 
gravity  of  the  solid  taken  at  diiferent  temperatures :  — 

Let  (Sp.  Gr.)  and  {Sp.  Gr.)'  represent  the  specific  gravity  of  the  solid 
at  the  temperatures  (  and  C  respectively.  Also  let  fT  represent  the 
weight  of  the  solid  mass  used  in  the  experiment,  V  the  volume  at  0°, 
and  K  the  unknown  coefficient  which  we  wish  to  determioe.  "We  liave 
then,  hy  [166],  for  the  volume  of  the  solid  body  at  t"  and  ('",  the  values 
V(l-\-tK)Aiicl  V(l-\-t'K);  by  substituting  these  values  in  [55]  we 
obt^n,  for  the  value  of  the  specific  gravity  at  the  two  temperatures, 

Combining  tlieso  two  equations  and  reducing,  we  get  for  tlie  value  of  the 
coefficient  of  cubic  expaii'iion, 

(^pGO-^(Sp.Gr.y 

^  —  {Sp.Gr.yf  —  {Sp.Gr.)t-  ^^'^'^ 

Kopp  has  determined,  by  the  above  method,  the  coefficient 
of  cubic  expansion  of  a  number  of  solids,  and  his  results  are 
included  in  Table  XV. 

(244.)  General  Results.  —  By  examining  Table  XV.  it  will 
be  seen  that  the  increase  of  length  which  a  solid  bar  undergoes 
when  heated  from  0°  to  100°  is  at  most  very  small,  amounting  in 
tlie  case  of  zinc,  the  most  expansible  of  all  solids  hitherto  ob- 
served, to  only  s^-a  of  the  length  at  zero.  The  difference,  how- 
ever, between  different  solids  is  very  great,  zinc  expanding  over 
throe  times  as  much  as  glass  for  the  same  increase  of  temper- 
ature. 

The  relative  expansibility  of  solids  seems  to  be  more  nearly 
related  to  their  relative  compressibility  than  to  any  other  physical 
quality ;  for  we  find,  as  a  general  rule,  that  tliose  metals  are 
the  most  expansible  which  have  the  smallest  coefficients  of  elas- 
ticity (101)  and  are  therefore  most  easily  compressed.  This 
fact    is    shown    by    the   two    following    series,   in    which    the 
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metals  arc  arranged  in  the  order  of  cxpaiisiliility  and  compres- 
sibility :  — 

Zinc,  Leaii,  Tin,  Silver,  Gold,  Palladium,  Copper,  Platinum,  Steel,  Iron, 

Glass. 
Lead,  Tin,  Gold,  Silver,  Zinc,  I'alladium,  Platinum,  Copper,  Steel,  Iron, 

Although  these  two  series  are  not  perfectly  parallel,  they  are 
sufficiently  so  to  indicate  a  close  connection  between  the  two 
properties.  This  conneetioii  is  also  seen  in  the  fact,  tliat  the 
diminution  of  the  coefficient  of  elasticity  with  tlie  increase  of 
temperature,  already  noticed  (101),  is  accompanied  with  a  cor- 
responding increase  of  the  rate  of  expansion. 

The  increase  of  the  coeiBcient  of  expansion  between  0°  and 
100°  is  hardly  perceptible  in  solids ;  but  when  tliG  change  of 
temperature  amounts  to  several  hundred  degrees,  it  is  necessary 
to  take  account  of  it  in  delicate  physical  measurements.  This 
is  especially  the  case  with  the  glass  vessels  which  are  used  for 
air  thermometers  or  in  determining  the  specific  gi-avity  of  va- 
pors ;  and  in  order  to  furnish  the  necessai-y  data  for  such  experi- 
ments, Eegnaiilt  has  determined  the  mean  coefficients  of  cubic 
expansion  of  the  common  I.'aris  glass,  when  blown  into  hollow 
ware,  between  zero  and  different  temperatures.  His  results  are 
as  follows :  — 

Between  0=    and  100"  .         .         .  7^=0.0000  276. 

150  .         .         .            "     0.0000  28i. 

200  ...       "     0.0000  291. 

250  .         .         .           "     0.0000  298. 

300  ...       "     0.0000306. 

350  .         .         .            "     0.0000  313. 

From  the  fact  that  the  rate  of  expansion  of  a  solid  increases 
with  the  temperature,  we  shotild  naturally  infer  that  tlie  rate  for 
any  given  soUd  would  be  greatest  just  below  its  melting-point ; 
and  of  several  solids  taken  at  the  temperature  of  the  air,  we 
should  expect,  other  things  being  equal,  that  those  would  be  the 
most  expansible  which  are  nearest  their  melting-points  at  this 
temperature,  or,  in  other  words,  which  are  the  most  fusible. 
This  we  iind,  as  a  general  rule,  to  be  true ;  the  easily  fusible 
solids,  like  zinc  and  lead,  being  more  expansible  than  the 
42* 


d  by  Google 


CHEMICAL  PHYSICS. 


diffimiltly  fusible,  liko  iron  and  platimim ;  but  there  is  by  no 
means  a  perfect  parallelism  between  the  order  of  fusibility  and 
that  of  expansibility ;  nor  ought  we  to  expect  it,  for  different 
metals  are  not  equally  expansible  at  temperatures  equally  dis- 
tant from  their  melting-points. 

(245.)  Expansion  of  Crystals.  —  "Wo  have  hitherto  assumed 
that  solid  bodies  expand  equally  in  all  directions,  and  this  is 
true  of  all  homogeneous  solids  ;  but  it  is  not  necessarily  the  case  . 
with  crystals.  Only  those  crystals  which  belong  to  the  Hegular 
System  expand  equally  in  all  directions.  Those  belonging  to 
tlie  other  systems  expand  unequally  in  the  direction  of  the  un- 
equal axes.  This  inequality  in  the  expansion  of  crystals  in  the 
directions  of  unequal  axes  can  be  readily  detected,  because  an 
alteration  in  the  relative  length  of  the  axes  must  change  tlie  inter- 
fetcial  angles  of  the  crystal,  which  can  be  measured  with  great 
accuracy  (90).  Professor  Mitscherlich,*  of  Berlin,  who  has  very 
carefuUy  studied  this  subject,  found  tliat  the  interfacial  angles  of 
all  crystals,  except  those  belonging  to  the  regular  system,  were 
slightly  affected  by  changes  of  temperature.  The  rhombohedral 
angle  of  calc-spar,  for  example,  (page  150,)  varies  eight  and  a 
half  minutes  between  the  freezing  and  boiling  points  of  water. 
Indeed,  Mitscherlich  has  shown  that,  while  a  crystal  is  expanding 
in  length  by  heat,  it  may  actually  be  contracting  in  another  di- 
mension. These  facts  are  in  entire  harmony  with  the  principles 
of  the  last  section ;  for,  since  the  elasticity  of  crystals  is  different 
in  different  directions  (108),  wc  should  naturally  expect  that  the 
rate  of  expansion  would  be  different  also. 

In  investigating  the  laws  of  expansion  of  solids,  it  is  evidently 
advisable  to  make  choice  of  crystallized  bodies ;  for  when  the 
substance  is  not  crystallized,  the  expansion  of  different  specimens 
may  not  be  precisely  the  same,  owing  to  variations  of  internal 
structure.  This  is  probably  the  cause  of  the  discrepancies  which 
we  find  between  the  coefficients  of  expansion  of  the  same  sub- 
stance as  given  by  different  experimenters.  These  discrepancies, 
indeed,  are  the  most  marked  in  the  case  of  substances  like  glass, 
in  which  we  should  naturally  expect  the  greatest  variations  of 
structure. 

The  expansion  of  glass  has  been  more  carefully  studied  tlian 

*  Poggcudorff's  Annalen,  1, 125,  X.  137,  XLI,  213. 
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that  of  any  other  substance,  on  account  of  its  use  in  physical 
apparatus.  Eegnault  has  found,  not  only  that  the  expansion  of 
glass  varies  witli  its  composition,  but  also  that  it  varies  witli  tho 
manner  in  which  it  has  been  worked.  Tims,  the  same  glass  ex- 
pands more  in  the  form  of  a  solid  rod  than  in  that  of  a  tube,  and 
a  large  vessel  frequently  expands  at  a  different  rate  from  a  small 
vessel  made  of  precisely  the  same  material.  Indeed,  Eegnault 
has  shown  tliat  the  coelEcient  of  the  same  glass  vessel  is  not 
always"  absolutely  the  same  between  the  same  limits  of  temper- 
ature, especially  if  between  two  observations  it  has  been  exposed 
to  great  and  sudden  thermal  changes.  These  variations  are 
probably  dua  to  changes  in  the  molecular  condition  of  the  glass, 
and  are  similar  to  those  which  cause  the  change  in  the  zero  point 
of  the  thermometer  (220). 

It  follows  from  the  above  facts,  that,  where  very  great  accuracy 
is  required,  it  is  important  to  determine  the  rate  of  expansion  of 
the  actual  vessel  which  is  to  be  used  in  the  experiment. 

(246.)  Force  of  Expansion.  —  The  force  with  which  a  body 
expands  is  equal  to  the  resistance  which  it  would  oppose  to  a 
compression  of  an  equal  amount ;  we  have  already  seen  (101) 
how  very  great  this  resistance  is.  A  bar  of  iron  one  meti-e  long 
expands  0.0012  m.  if  heated  100°.  If  now  we  assume  that  tliQ 
area  of  the  section  of  the  bar  is  equal  to  2,500  STm.',  and  that 
the  coefficient  of  elasticity  of  iron  is  equal  in  round  niunbers  to 
21,000,  we  can  readily  calculate  by  [66]  the  weight  which  would 
be  required  to  compress  the  bar  0,0012.  Tliis  weight  would  be 
21,000  X  2,500  X  0.0012  =  63,000  kilogrammes,  and  it  would 
be  necessary  to  apply  this  enormous  force  in  order  to  prevent 
a  bar  of  iron  measuring  5  c.  m.  on  each  side  from  expanding, 
when  heated  from  0°  to  100°.  It  is  not,  therefore,  at  all  won- 
derful that  iron  bars  used  ia  buildings  frequently  destroy  tiie 
masonry  they  were  intended  to  strengthen,  where  care  has  not 
been  taken  to  allow  for  the  expansion. 

The  force  with  which  a  solid  contracts  when  cooled  is  equal  to 
that  with  which  it  expands  when  heated.  This  force  was  first 
used  at  the  Conservatoire  des  Arts  et  MStiers,  in  Paris,  for  draw- 
ing together  the  walls  of  an  arched  gallery  which  had  bulged 
outward  from  the  pressure  of  the  roof,  and  the  experiment  has 
sinco  been  successfully  repeated  in  several  other  buildings. 
Stout  iron  rods  were  placed  across  the  building,  and  their  ends 
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secured  to  the  oi\tside  of  tlic  walls  by  means  of  plates  and  niits. 
Half  of  the  number  of  rods  were  then  strongly  heated  by  char- 
coal furnaces,  and  when  they  were  expanded  the  plates  were 
screwed  firmly  up  to  the  walls.  As  the  bars  cooled,  they  con- 
tracted and  drew  the  walls  somewhat  nearer  together.  The  same 
process  was  tlien  repeated  with  the  other  half  of  the  rods,  and 
so  continued  until  the  walls  were  restored  to  a  pei-pendicular 
position. 

Applications  of  this  same  force  may  be  seen  in  many  of  the 
trades.  Tlie  wheelwi'ight  binds  the  parts  of  a  wheel  together  by 
putting  on  the  iron  tire  while  hot,  and  allowing  it  to  contract 
round  the  wood ;  and  even  the  large  wrought-iron  tires  round 
the  wheels  of  locomotive  engines  are  fastened  in  the  same  way. 
The  cooper  insures  the  tightness  of  a  cask  by  siirrounding  it 
with  heated  iron  hoops,  which,  by  contracting,  unite  the  staves 
more  firmly ;  and  steam-boilers  are  riveted  with  red-hot  rivets, 
which,  on  cooling,  draw  the  plates  togetlier  more  securely  than 
any  other  means  could. 

(247.)  Illustrations.  —  The  expansion  of  solids  by  heat  may 
be  illustrated  by  a  great  variety  of  experiments,  hut  wo  shall 
only  be  able  to  describe  a  few  of  the 
most  striking. 

The  cubic  expansion  may  be  shown 

by  means  of  the  apparatus  represents 

ed  m  Fig    369.     The  brass  ball  a  is 

midi.  so  that  it  will  just  pass  through 

the  ring  m,  when  both  have  the  same 

tempeiature       If  then  we   heat  tlie 

ball,  it  will  no  longer  pass  through  in 

F^  J  iny  position,  thus  indicating  an  in- 

ciLtse  of  volumo. 

In  ordej  to  illu&trate  the  hneai  expansion  of  solids,  we  make 

use  of  a  class  of  instrument''  cilled  pyrometers.     One  of  the 

simplest  ind  most  comenient  of  these  is  represented  in  Fig.  370. 

It  consists  essentnlly  of  tlio  metallic  lod  ^,  one  end  of  which  is 

fiimly  secuied  to  a  brass  pillar  by  means  of  the  clamp-screw  B, 

while  the  othci  end,  which  is  free  to  expand,  plays  against  the 

shorter  arm  of  a  needle,  E,  movmg  on  a  graduated  arc.     The 

lod  IS  heiti-d  by  an  ilcohol  hmp  of  peculiar  construction,  and 

its  expansion  is  rendered  visible  by  the  motion  of  the  needle  over 
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the  graduated  are.  Instruments  constructed  on  tlie  same  prin- 
ciple have  been  employed  by  Daniels  and  otliers  for  measuring 
high  temperatures  ;  but  since  tliey  havo  been  superseded  by  the 


m 


um^miM^^^ 


& 


far  more  accurate  metho<3s  of  tlic  present  day,  it  is  not  necessary 
to  describe  them  in  detail. 

The  unequal  expansion  of  different  metals  is  best  illustrated 
by  a  compound  bar,  made  by  riveting  togetlier  two  bars  of  iron 
and   copper  at   different  points 
througli  their  whole  lengtli,  as  Eig.371. 

represented  in  Fig.  371.    When     ^  .l^_;l^^-t  -.  .  .- ..  ,■  .■  ..  .  -^ 
such  a  bar  ia  heated,  tlie  eopper 
expands    more    than   the    iron, 


and  the  bar   curves,   as   repre-  Kg.  372. 

sented  in  Fig.  S72,  in  order  to 

accommodate  the  inequality  of  length  which  thus  results.     If  the 

bar  is  cooled,  it  again  curves,  but  in  the  opposite  direction. 

The  expansion  of  sohds  is  also  illustrated  by  many  phe- 
nomena of  every-day  life.  A  nail  driven  into  a  brick  wall  be- 
comes loose  after  a  time,  because  tlie  iron  expands  in  summer 
and  contracts  in  winter  more  than  the  mortar,  and  thus  the 
opening  is  enlarged.  Clocks  go  faster  in  winter  and  slower 
in  summer,  because  the  pendulum  elongates  in  summer,  and 
consequently  vibrates  more  slowly ;  while  iii  winter  it  becomes 
shorter,  and  vibrates  more  rapidly.  The  pitch  of  a  piano  or  harp 
rises  in  a  cold  room,  in  consequence  of  the  contraction  of  the 
metallic  strings.  A  closely-fitting  iron  gate,  which  can  be  easily 
opened  on  a  cold  day,  can  only  be  opened  witli  difficulty  on  a 
warm  day,  because  botli  the  gate  and  the  adjoining  railings  have 
become  expanded  by  tlie  heat.     When  iron  pipes  arc  employed 
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to  conduct  steam  through  a  factory,  they  are  never  allowed  to 
abut  against  a  wall  or  other  obstacle,  which  they  might  injure  in 
expanding ;  and,  for  the  same  reasons,  the  rails  of  a  railroad  are 
always  laid  at  a  little  distance  apai-t.  A  kilometi-e  of  rails 
expands  seven  metres  between  —20°  and  40°,  and  this  allow- 
ance must  he  made  in  tlie  construction  of  the  road.  When  a 
metal  is  soft,  and  its  expansion  or  contraction  at  all  resisted,  it 
may  become  permanently  expanded  when  repeatedly  heated.  A 
waste  steam-pipe  of  lead  has  been  elongated  several  mches  m  a 
few  weeks,  and  the  zinc  or  lead  Imings  of  bath  tubs  are  fre- 
quently gatliered  in  ridges  from  the  same  cause. 

The  walls  of  buildings  are  also  sensibly  expanded  by  the  action 
of  the  Bun's  rays.  Bunker  Hill  Monument,  an  obelisk  of  granite 
two  hundred  and  twenty-one  feet  liigh,  moves  at  the  top  so  as  to 
describe  an  irregiilar  ellipse  with  the  sun's  motion.  Professor 
Horsford,  who  had  an  opportunity  of  studying  the  action  of  the 
sun's  rays  on  this  structure,  noticed  that  the  movement  com- 
menced early  in  the  morning  on  a  sunny  day,  and  attained  its 
maximum  in  the  afternoon.  In  a  cloudy  day  no  motion  takes 
place,  and  a  shower  restoi-ee  the  shaft  to  its  position,  —  showmg 
tliat  tlie  heat  which  produces  the  deflection  penetrates  but  a  short 
distance.*  A  similai-  fact  is  also  noticed  when  astronomical  in- 
struments are  placed  on  elevated  buildings,  from  the  derangement 
which  they  undergo  by  the  unequal  expansion  of  the  walls. 

When  hot  water  is  poured  on  a  thick  plate  of  glass,  the  upper 
surface  is  expanded  before  the  heat  reaches  the  under  surface  of 
tlie  plate.  There  is,  therefoi-e,  an  unequal  expansion,  and  the 
plate  tends  to  bend,  like  the  compound  bar,  with  tlie  hot  surface 
on  the  outside  of  the  curve  ;  and  since  the  particles  of  glass  do 
not  readily  yield  to  such  displacement,  tlie  glass  breaks.  Hence 
is  explained  the  fact,  that  hot  vessels  of  glass  or  porcelain  are 
liable  to  break  when  cold  water  is  poured  into  them,  or  when  set 
down  on  a  cold  surface  which  is  at  the  same  time  a  good  con- 
ductor of  heat.  Such  accidents  are  avoided  by  resting  the  vessel 
on  rings  of  straw,  or  other  poor  conductors;  and  having  them 
made  a^  thin  on  tlie  bottom  as  is  consistent  with  the  necessary 
strength. 

This  effect  of  heat  on  glass  is  used  in  the  laboratory  for  dividing 

*  Silliman's  l>liiloioi)hj,  p.  329. 
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glass  vessels  which  have  been  cracked  or  othorwiso  damaged, 
since  a  crack  once  started,  may  be  conducted  in  any  direction 
by  means  of  an  iron  rod  heated  to  redness,  or,  still  better,  by 
means  of  a  burning  slow-match  prepared  expressly  for  the  pur- 
pose.* In  like  manner  the  round  necks  of  glass  retorts,  flasks, 
and  other  chemical  vessels,  can  be  cut  off  by  means  of  an  iron 
ring,  which  is  first  lieated  to  a  red  heat  in  a  furnace,  and  then 
held  for  a  few  moments  around  the  nock.  As  soon  as  the  neck 
is  thus  heated,  a  few  drops  of  water  let  fall  upon  the  heated  pai-t 
■will  cause  the  neck  to  crack  off. 

But  by  far  the  most  remarkable  illustration  of  the  expansion 
of  solids  by  heat  is  furnished  by  the  Britannia  Tubular  Bridge. 
This  bridge  consists  of  two  rectangular  iron  tubes  (made  of  boiler 
plates  firmly  riveted  together)  1,510  feet  1^  inches  long  at  32°  F., 
and  varying  from  23  feet  in  height  at  either  end  to  30  feet  at  the 
centre.  These  tubes,  which  are  placed  parallel  to  each  otlier, 
are  secured  permanently  to  the  central  stone  pier  of  the  bridge, 
called  the  Britannia  Tower  ;  but  at  the  other  points  of  support 
they  rest  on  friction  rollers,  and  the  free  ends  move  backwards 
or  forwards  as  the  length  of  each  tube  changes  with  the  tem- 
perature. An  increase  of  temperature  of  26°,  viz.  from  32°  to 
68°  F.,  gives  an  increase  of  3J  inches  in  the  whole  length  of  the 
bridge,  and  the  daily  expansion  and  contraction  varies  from  half 
an  inch  to  three  inches,  usually  attaining  its  maximum  and 
minimum  about  three  o'clock  in  the  afternoon  and  morning. 
Since  the  tubes  are  immovably  secured  in  the  centre,  only  ono 
half  of  this  motion  is  visible  at  either  end.  "  But  the  most  in- 
teresting effect  is  that  produced  by  the  sun  shining  on  one  side 
of  the  tube  or  on  the  top,  while  the  opposite  side  and  tlie  bottom 
remain  shaded  and  comparatively  cool.  The  heated  portions  of 
the  tube  expand,  and  tliereby  warp  or  bend  the  tube  towards  the 
heated  side,  the  motion  being  sometimes  as  much  as  two  and  a 
half  inches  vertically  and  two  and  a  half  inches  laterally."!  Tlie 
same  phenomena  may  be  seen  at  tlie  Victoria  Tubular  Bridge, 
recently  built  at  Montreal ;  but  as  the  tubes  of  this  bridge  are 

*  JTor  a  retipo  hy  which  these  alow-matchea  may  be  prepared,  see  Mohr's  Phar- 

t  For  n  very  interesting  and  detailed  account  of  these  phenomena,  see  llie  laigework 
on  the  Britannia  and  Conivay  Tubular  Bridges,  by  Edwia  Clark,  Besident  Engioeei", 
2  vols,  and  Atlas,  Loadon,  1856. 
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mucli  shorter  than  those  of  tlie  Britannia  bridge,  the  extent  of 
the  motion  is  not  so  gi-eat. 

(248.)  Applications  of  the  Expansion  of  Solids.  —  Br^giiet's 
metallic  thermometer  (Fig.  373)  is  an  application  of  the  principle 
of  the  eompound  bar.  The  essen- 
tial part  of  the  instrument  is  a 
spiral,  formed  of  a  metallic  rihbon 
whieh  is  constructed  in  the  fol- 
lowmg  way  Thiee  small  birs, 
one  eich  of  platinum  gold,  tnd 
'iibci,  are,  m  the  fii=!t  plice  sol 
(Itied  togethei  thiou^hoiit  then 
whole  length  This  compound 
h^l  i"-  ntxt  rolled  out  m  %  rolling 
null  until  it  )s  reduced  to  i  iih- 
bon  not  moie  than  one  sixtieth 
of  1  milhmetie  in  thickness,  and 
fiom  one  to  two  milhmetres  bioad 
Theiibbon  thus  picpaifd  is  wound 
into  a  spiral,  having  the  silver  face  towards  the  interior,  and  this 
spiral  is  suspended  to  the  upright  arm  of  tlie  instrument.  To 
its  lower  end  there  is  fastened  a  needle,  which  traverses  an  are 
graduated  into  Centigrade  degrees,  and  the  whole  instrument  is 
covered  witli  a  glass  bell  for  protection. 

Although  the  ribbon  is  rolled  out  to  the  extreme  degree  of 
thinness  just  stated,  yet  the  contmuity  of  the  three  metals  re- 
mains unbroken  ;  so  that  the  spiral  may  bo  regarded  as  consistr 
ing  of  three  spirals  of  different  metals  united  tliroughout  tlieir 
whole  length.  The  silver  spiral,  which  is  the  most  dilatable,  is 
surrounded,  first,  by  a  gold  spiral,  which  expands  less  than  the 
silver,  and  lastly  by  a  platinum  spiral,  which  expands  the  least 
of  all.  As  the  temperature  rises,  tlie  silver  expanding  more  tlian 
the  platinum  or  the  gold,  each  coil  of  the  spiral  tends  to  unbend, 
and  tlie  effect  is  evidently  partially  to  uncoil  tlie  whole,  causing 
the  needle  to  move  over  tlie  graduated  arc  from  left  to  right  in 
the  above  figure.  The  opposite  effect  ensues  when  the  tempera- 
ture falls.  The  gold  band  is  placed  between  the  two  others, 
because  it  has  an  intermediate  rate  of  expansion.  Were  plati- 
num and  silver  used  alone,  the  great  inequality  of  their  rates 
of  expansion  miglit  cause  the  bands  to   separate.     On  account 
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of  tliG  small  mass  of  niotal  of  wliicli  tho  spiral  consists,  Brdguet's 
tliermometcr  is  cxceediugly  sensitive  to  very  slight  changes  of 
temperature,  and  may  be  used  in  some  cases  with  great  ad- 
vantage. 

Some  of  the  most  ingenious  applications  of  the  expansion  of 
metals  are  to  be  found  among  the  numerous  contrivances  for 
retaining  the  pendulums  of  clocks  of 
an  invariable  length  at  all  tempera- 
tures. One  of  tliese,  called  Harrison's 
gridiron  pendulum,  is  represented  in 
i'ig.  374.  The  large  disk  of  this  pen- 
dulum is  suspended  by  a  series  of  steel 
and  brass  rods,  alternating  with  each 
other,  and  connected  at  the  ends  by 
cross-pieces.  The  manner  in  which 
tliese  are  arranged  -will  be  best  under- 
stood by  studying  the  figure,  in  which 
the  steel  rods  are  distinguished  from 
the  brass  by  being  shaded.  The  length 
of  the  pendulum  is  evidently  equal  to 
the  sum  of  the  lengths  of  the  steel  rods, 
including  the  steel  ribbon,  b,  which  sup- 
ports the  whole  pendulum  and  bends  at 
each  oscillation,  less  the  sum  of  the 
lengths  of  the  brass  rods.  Moreover, 
it  will  also  be  seen,  by  examining  the 
figure,  that,  while  the  expansion  of  the 
steel  rods  lengthens  the  pendulum,  the 
expansion  of  the  brass  rods  shortens  it. 
If,  then,  the  lengths  of  the  rods  are  so 
adjusted  that  the  expansion  in  one  di- 
rection will  just  balance  that  in  the  other,  the  pendulum  will 
remain  of  an  invariable  length.  It  is  easy  to  determine,  ap- 
proximatively,  the  length  required  to  produce  this  compen- 
sation. 


Fig.  374 


ing  by  L  and  IJ  the  sum  of  the  lengths  of  the  steel  and  tlie 
brass  rods  respectively,  and  by  h  and  k'  their  coefficients  of  expansion,  we 
sliould  have,  since  the  amount  of  expansion  is  the  same  in  both, 
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Moreover,  since  at  the  latitude  of  Paris  the  length  of  tlie  seconds  pendu- 
lum is  0.99394  metre  (58),  we  must  also  have 
L  —  L'  =  0.99394 
Combining  these  two  equations,  and  substituting  for  I  and  h  their  values 
from  Table  XV.,  we  should  find  that  the  pendulum  would  remain  of  an 
invariable  length  when  the  sum  of  the  lengths  of  the  steel  rods,  or 
L,  =  2.31919  metres,  and  when  llie  sum  of  the  lengths  of  the  brass  rods, 
or  Z',  =  1.82525  metres.  It  is  evident,  therefore,  that  compensation 
could  not  be  effected  with  fewer  rods  than  are  represented  ia  the  figure, 
namely,  three  of  steel  and  two  of  brass. 

The  above  calculation,  however,  only  gives  approximate  re- 
sults, since  the  virtual  length  of  the  pendulum  depends  on  the 
position  of  the  centre  of  oscillation,  and  may  vary,  even  when  the 
apparent  length  remains  tlio  same  (54).  In  practice,  the  rods 
are  constructed  as  nearly  as  possible  of  the  req\iired  length,  and 
the  compensation  is  afterwards  completed  by  varying  the  position 
of  the  weight  o,  until,  after  successive  trials,  the  right  point  is 
attained. 

A  clockmaker  by  the  name  of  Martin  effected  the  compensa- 
tion in  pendulums  by  means  of  a  compound  bar  of  iron  and 
copper,  fixed  ti-ansversely  on  the  penditlum  rod,  as  represented 
in  Fig.  375.  To  the  ends  of  tliis  compound  bar  small  weights 
are  attached,  movable  on  a  screw,  and  the  bar  is  so  placed  that 
the  copper  is  lowest.    Ilence,  when  the  temperature  rises,  its  ends 


curve  upwards,  as  represented  in  Fig,  376  ;  and,  on  the  other 
hand,  they  curve  downwards,  as  in  Fig.  377,  when  the  tempera- 
ture falls.  The  rising  and  falling  of  these  masses  of  matter  will 
evidently  change  the  virtual  length  of  the  pendulum,  by  raising  or 
lowering  tlie  centre  of  oscillation.  Moreover,  this  change  will  be 
just  the  reverse  of  that  caused  by  the  action  of  heat  on  the  pen- 
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dulum  itself ;  and,  by  varying  the  position  of  t!io  small  weights 
on  the  transverse  bar,  tlic  two  clianges  may  be  made  exactly  to 
counteract  each  other. 

An  arrangement  precisely  similar  to  that  of  Martin  has  long 
been  employed  for  compensating  the  balance-wheels  of  chronom- 
eters and  watches.  It  is  well  known  that  the 
motion  of  a  watch  is  regulated  by  a  balance- 
wheel,  as  that  of  a  clock  is  by  tlie  pendulum, 
and  that  the  oscillations  of  this  balance-wheel 
are  maintained  by  a  fine  spiral  spring,  whose 
elasticity  takes  the  place  of  the  force  of  grav- 
ity acting  on  the  pendulum  of  the  clock.  Now, 
tlie  duration  of  an  oscillation  of  a  balance-  rig.  37a. 

wheel  depends  on  the  elasticity  of  tlie  spring, 
on  the  radius  of  the  wheel,  and  on  the  mass  of  matter  in  its  rim. 
The  effect  of  heat  is  to  increase  the  radius,  and  thus  to  retard 
the  watch  by  increasing  tlie  duration  of  each  oscillation.  This 
effect,  however,  can  be  entirely  counteracted  by  the  arrangement 
represented  m  Pig.  378.  The  three  metallic  arcs,  a,  a,  a,  are 
made  of  two  metals,  tlie  most  esipanaible  being  placed  outside ; 
and  as  the  temperature  rises,  they  curve  in  and  carry  the  three 
small  masses  of  matter,  n,  n,  n,  nearer  to  tlie  axis  of  the  wheel, 
thus  diminishing  the  virtual  lengtli  of  the  radius  as  much  as  the 
expansion  hicreased  it.  The  position  of  tlie  small  masses  n,  n,  n, 
in  which  the  effect  of  expansion  is  just  compensated,  is  found  by 
trial ;  and  they  are  adjusted  by  turning  them  on  tlie  small  screws 
which  form  the  extremities  of  the  arcs. 

Expomsion  of  Liquids. 

(249.)  Absolute  and  Apparent  Expansion.  —  In  considering 
the  expansion  of  a  liquid,  it  is  important  to  distinguish  between 
the  absolute  expansion  and  the  apparent  expansion  when  the 
liquid  is  enclosed  in  a  glass  vessel.  From  tlie  very  nature  of  a 
liquid,  it  is  evident  that  its  absolute  expansion  cannot  be  directly 
observed,  but  must  be  determined  by  indirect  metliods.  It  is 
also  evident,  that  the  absolute  expansion  must  be  equal,  in  any 
case,  to  the  apparent  expansion,  increased  by  the  amount  of  ex- 
pansion of  the  glass  vessel  containing  the  liquid;  compare  (219) 
and  (241) ;  and  hence,  when  any  two  of  these  quantities  are 
known,  tlie  third  can  always  be  calculated. 
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(250.)  Absolute  Expansion  of  Mercury. -— The  coefficient  of 
absolute  expansion  of  mercury  is  one  of  the  most  important 
constants  of  physics ;  for  not  only  does  it  enter  indirectly  into  the 
determination  of  the  expansion  of  most  other  substances, — solids, 
liquids,  and  gases  (254),  — but  it  also  has  a  dhect  bearing  on 
the  theory  and  use  of  botii  tlie  thermometer  and  barometer 
(219)  and  (160).  It  is  therefore  essential  that  this  constant 
should  be  determined  with  the  greatest  cai-e. 

The  most  accurate  method  of  determining  the  coefficient  of 
absolute  expansion  of  merciuy  is  based  upon  the  principle  hi 
hydrostatics  (131),  that,  when  two  tubes  filled  with  different 
liquids  communicate  together,  tlie  heiglits  of  the  two  liquid  col- 
umns if  m  equilibrium  are  inversely  proportional  to  the  specific 
gravities  of  the  liquids.  What  is  true  of  different  liquids  must 
also  be  true  of  the  same  liquid  at  different  temperatures ;  and 
we  can  therefore  determine  tlie  relative  specific  gravity  of  mer- 
cury at  such  temperatures  by  measuring  the  heights  of  the  mer- 
cury-columns in  tlie  legs  of  an  inverted  siphon,  so  arranged 
that  each  column  may  be  exposed  to  the  temperature  required. 
When  tlie  specific  gravity  at  two  different  temperatures  has  been 
thus  determined,  we  can  easily  calculate  the  coefficient  of  expan- 
sion by  [168]. 

Tlie  apparatus  used  by  Dulong  and  Petit,  who  determined  the 
absolute  expansion  of  mercury  by  the  hydrostatic  method,  is 


represented  in  Fig.  379.  It  consisted  of  two  glass  tubes,  A  and 
B,  supported  vertically  on  an  iron  basement,  and  united  below 
by  a  capillary  tuho,  so  as  to  form  together  an  inverted  siphon. 
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The  two  tubes  -were  each  enclosed  in  a  metallic  vessel.  The 
smallest  of  tliese,  D,  was  fiUed  with  pulverized  ice,  and  Uie  other, 
E,  contained  oil,  which  was  gradually  heated  by  a  small  fur- 
nace, which  the  figure  represents  iu  section,  in  order  to  show  the 
construction.  Lastly,  the  tubes  were  filled  with  mercury,  which 
preserved  the  saiue  level  in  both  as  long  as  the  tubes  were  ex- 
posed to  the  same  temperature,  but  which  rose  in  the  tube  B  m 
proportion  as  it  was  heated.  In  makhig  an  observation  witli  this 
apparatus,  tlie  hatli  was  first  heated  to  the  required  temperature, 
which  was  indicated  by  the  thermometer  P,  and  then  the  heights 
of  the  two  columns  were  measured  by  the  cathetometer  K. 

In  order  to  calculate  from  such  an  observation  the  coefficient 
of  absolute  expansion,  let  us  represent  by  if  and  (^.  Gr.)  the 
height  and  specific  gravity  of  the  mercury-column  A  at  0°,  and 
by  H'  and  (^Sp.G-r.y  the  height  and  specific  gravity  of  the  mer- 
cury-column B  at  f.  Then  we  have,  by  [81] ,  H .  iSp.  Gr.')  = 
H'  (Sp.  Gr.y.  Moreover,  representing  the  coefficient  of  absolute 
expansion  of  mercury  by  K,  we  have,  by  [166]  and  [56], 

(iSp.  Gr.-)  =  CSp.  Gr.y  (l  +  K 0-  [l^^O 

Combiiiuig  the  two  equations,  we  obt^n,  for  the  value  of  K, 

X=:^J^.  [170.] 

By  this  method,  Dulong  and  Tctifc  found  that  the  mean  abso- 
lute expansion  of  mercury  between  0°  and  100°  was  -rs'iin  = 
0.00018018.  Uegnault  has  since  redetermined  this  coefficient 
with  an  apparatus  based  on  the  same  prmciple,  but  very  greatly 
improved,  and  has  obtiuned,  for  the  mean  value  between  0°  and 
100%  0.000 1816S,  a  number  which  diifers  but  little  from  tlmt  of 
Dulong  and  Petit.  The  apparatus  of  Uegnault,  although  very 
Bimple  in  principle,  is  quite  complicated  in  construction,  and  it 
would  require  more  space  to  describe  it  than  we  are  able  to 
give  ;  but  the  student  wiU  find  it  described  in  full  in  Begnault's 
memoir  on  the  subject.* 

As  has  abeady  been  stated  (219),  the  coefficient  of  expansion 
of  mercury  increases  witli  the  temperature.  This  is  shown  by 
the  following  table,  which  contains  the  resulte  obtained  by  Keg- 
nault. 

*  Miimoires  de  rArade'mio  dea  Sciences  tie  I'lnstlluf,  1847. 
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0 

0.00017976 
0,00018027 
0.00018078 
0.00018163 
0.00018279 
0.00018405 
0.00018531 
0.00018658 
0.00018784 


0.00017905 
0.00018051 
0.00018152 
0.00018253 
0.00018305 
0.00018657 
0.00018009 

o.oooioini 

0.00019413 
O.OOOIOGGG 


1. 0000000 
1.0053928 
1  0090135 
1.012654G 
1.0181530 
1.02741 8  J 
1.0368100 
1.04G3275 
1.0559740 
1.0657440 


In  the  last  column  of  this  table  iva  hare  given  the  Tolume 
to  which  one  cubic  centimetre  of  mercury  mil  expand  when 
heated  to  the  different  temperatures  indicated  in  the  first  column. 
This  volume  may  be  calculated  by  means  of  the  formula  V=i 
1~\-  tk,  -whenever  the  corresponding  mean  coefficient  between 
0°  and  f  (as  given  in  the  second  column  of  the  table)  is  known ; 
and  for  temperatures  for  which  the  coefficient  has  not  been  de- 
termined, it  can  bo  ascertained  sufficiently  near  by  interpolation. 
It  is  convenient,  however,  to  have  a  single  formula  by  which  the 
volume  can  be  calculated  at  once  for  any  temperature  ;  and  such 
a  formula  can  be  obtained  by  applying  tlie  principle  of  [130]. 

Since  the  voliirae  is  always  some  function  of  the  temperature, 
it  can  be  expressed  by  the  general  formula,  into  which  every 
algebraic  fimction  may  he  developed, 

V^A  +  Bt-l-  Ct^  +  Dt'+,  &c.  [171.] 

In  the  present  case,  A  is  equal  to  unity,  the  volume  when  the 
temperature  is  zero,  and  the  other  coefficients  can  be  found  by 
substituting  in  the  general  equation  [ITl]  the  value  of  A,  and 
also  the  values  of  V  and  t  for  each  temperature  at  which  the 
volume  has  been  experimentally  determined.  We  shall  thus 
obtain  as  many  equations  as  there  aro  determinations,  and  by 
combining  them  together  according  to  the  well-known  methods  of 
algebra  we  can  easily  calculate  the  coefficients  req\iired.  Making 
use  of  Regiiault's  results,  as  given  in  the  above  table,  wo  should 
thus  obtain  for  the  volume  of  mercury  at  any  temperature,  t,  as 
indicated  by  an  air-thermometer,  the  value. 
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F=  1  -I-  0.0001T9007  t  +  0.0000000252316  i^       [172.] 

It  is  itniieeessary  to  add  that  this  formula  is  purely  empirical, 
and  can  only  be  trusted  for  temperatures  within  the  limits  be- 
tween which  tlie  experiments  wero  made. 

(251.)  Correction  of  the  Observed  Height  of  the  Barometer 
for  Temperature.  —  Since  the  height  of  a  barometer  is  affected 
by  changes  of  temperature  (160),  it  becomes  essential,  before 
comparing  together  different  obseryations,  to  reduce  each  to  the 
standard  temperature  of  0° ;  in  other  ■woi'ds,  to  calculate  what 
would  have  been  the  height  had  the  temperature  at  the  time  of 
the  observation  been  at  the  freezing-point.  The  principles  of 
tlie  last  section  furnish  us  with  a  ready  method  of  malthig  the 
reduction. 

The  pressure  of  the  air  being  constant,  it  follows  from  {!S8)  and  [81] 
that  the  height  of  a  mercuiy  barometer  at  different  temperatures  will  be 
inversely  proportional  to  the  specific  gravity  of  mercury  at  these  tempera- 
tures. Hence  we  shall  have  H:  H'  ^=:  {Sp.Gr.)'  :  (Sp.Gr.),  a  propor- 
tion in  which  ^and  {Sp.  Gr.)  represent  the  height  of  the  column  and  the 
specific  gravity  of  mercury  at  0°,  while  ff'  and  (^.Gr.)'  represent  the 
same  values  at  (°.  But  we  iUso  huve  (Sp.Gr.)  ^  (Sp.Gr.)' (I -\- Kt), 
and  combining  this  with  the  last  proportion,  we  at  oaco  deduce  M'  = 
ffil^Kt),  and 

or,  substituting  for  K  ils  mean  value  between  0°  and  100°  (0.00018  = 
im)' 

The  last  term  of  the  above  formula  is  the  correction  which  must  be  sub- 
tracted from  the  observed  height,  in  order  to  reduce  the  observation  to 
zero. 

The  reduction  as  thus  made,  however,  would  not  be  quite  correct,  since 
we  liave  not  taken  into  account  the  change  in  the  length  of  the  scale  of 
the  barometer  cau'icd  by  the  expansion  of  the  material  on  which  it  is 
engraved.  If,  as  in  the  barometer  of  Fortin  (160),  this  scale  is  engraved 
on  the  brass  casing  of  the  tube,  which  extends  quite  down  to  the  cistern, 
it  is  easy  to  make  allowance  for  the  effect  of  its  expansion,  assuming  that 
tlie  scale  agrees  with  the  btandanl  of  length  at  0°.  Let  us  assume  that  the 
divisions  on  the  scale  arc  in  centimetres.     It  is  evident  that  the  effect  of 
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heat  will  lie  to  increase  ihe  length  of  each  division,  and  tlms  fo  make  the 
apparent  height  of  the  mei-cury-column  leas  than  the  i-eal  height.  If  the 
brass  expanded  as  much  as  the  mercury,  the  two  effects  would  balance 
each  other,  and  there  would  be  no  correction  to  make.  But  this  is  not  the 
case  ;  and  the  expansion  of  the  brass  scale  only  in  part  compensates  for 
the  increased  height  of  the  mercary-column  caused  by  the  change  of  tem- 
perature, Eepresenting  by  k  the  coefficient  of  expansion  of  brass,  we 
shall  have,  for  the  length  of  each  division  of  the  scale  at  f ,  the  value 
1  -4-  A  < ;  and  since  the  apparent  height  of  an  invariable  mercury-colunm 
must  be  inversely  proportional  to  the  length  of  the  divisions  of  the  scale, 
by  which  it  is  measured,  we  deduce  the  proportion  If:  ^n  =  1  :  1  +  ^  *! 
in  which  ZT  and  Ifo  represent  respectively  the  apparent  heights  of  llie 
column  at  f  and  0°  respectively.  Substituting  in  this  proportion  the 
value  of  11  [173],  we  readily  deduce 


rr  H-^-'  -II'  — H'  (-^^'-'^)i 


TJ  TP   ^^-'-'^  —  rji jj,  V-'\.—  t>Z  riYh  1 


The  second  term  of  the  above  formula  gives  a  correctioh,  to  be 
subtracted  from  the  observed  height  of  a  mercury-column,  which 
eliminates  the  expaiision  of  the  scale  as  ■well  as  that  of  the  column 
itself,  and  reduces  the  observations  strictly  to  0°.  The  Tahte  of 
this  correction,  in  centimetres,  corresponding  to  one  degree  of 
temperature,  is  given  in  Table  XVIII.  for  every  five  millimetres 
in  the  height  of  the  mercury-column  from  0.5  c.  m.  to  100  e,  m., 
and  not  only  for  a  barometer  with  a  brass  scale,  but  also  for  a 
barometer  with  the  scale  engraved  on  the  glass  tube.  The  cor- 
rection for  any  given  temperature  is  found  by  multiplying  tlae 
number  from  the  table  opposite  to  the  observed  lieiglit  by  the 
number  of  degrees.  If  the  degrees  are  above  zero,  the  correc- 
tion is  to  be  subtracted  from  tlie  observed  height ;  if  below,  to  be 
added  to  it.  This  same  table,  as  well  as  the  formula  [175],  may 
also  be  used  for  reducing  to  0°  the  height  of  any  mercury- 
column  ;  for  example,  that  in  a  manometer-tube  (168),  or  in  a 
glass  bell  over  a  mercury  pneumatic  trough  (169) .  If  the  height 
of  the  column  is  measiu'ed  by  means  of  a  cathetomoter,  as  in 
Fig,  272,  it  is  equivalent  to  using  a  barometer  with  a  brass  scale, 
and  the  correction  must  be  taken  from  the  column  headed  "  Brass 
Scale  "  in  Table  XVIII.  If,  on  tlie  other  hand,  it  is  measured  by 
means  of  graduation  on  the  glass  bell  or  tube  itself,  the  column 
headed  "  Glass  Scale  "  should  be  used. 
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(252.)  Apparent  Expansion  of  Mercury.  —  The  apparent  ex- 
pansion of  mercury  will  evidently  vary  ■with  tlio  nature  of  the 
vessel  in  which  it  is  enclosed.  But  since  the  vessels 
used  for  the  purpose  are  almost  invariably  made  of 
fflasB,  we  understand  by  tlie  term  apparent  expafi- 
Lion  the  apparent  expansion  in  glass,  unless  it  is 
otherwise  stated.  The  apparent  expansion  of  mer- 
cuiy  in  glass  can  readily  be  determined  experimen- 
tally by  means  of  the  apparatus  represented  in  Fig. 
380.  It  consists  of  a  cylindrical  reservoir  opening 
into  a  capillary  tube,  which  is  drawn  out  at  the  end 
to  a  fine  point,  and  bent  into  the  form  of  a  hook. 
The  apparatus  is  in  tlio  first  place  weighed,  and  then 
filled  with  pure  mercury,  like  a  therraomcter-tubo 
(Fig.  340),  taking  care  to  boil  the  mercury  in  the 
reservoir  in  order  to  expel  the  last  traces  of  air  and 
moisture.  It  is  next  surrounded  with  melting  ice, 
the  orifice  of  the  tube,  o,  dipping  under  mercury, 
which  is  thus  drawn  into  the  apparatus  as  the  temperature  falls 
imtil  tlie  whole  is  filled  with  mercury  at  0°,  Having  weighed 
the  apparatus  again,  and  subtracted  the  weight  of  the  glass, 
we  obtain  the  weight  of  the  mercury  at  0°,  which  we  will  repre- 
sent by  W.  Finally,  wo  expose  the  apparatus  to  a  constant  and 
known  temperatxire,  t",  (for  example,  to  tliat  of  the  steam  from 
boiling  water,)  and  collect  and  weigh  the  mercury  which  escapes. 
CaR  this  weight  rv  ;  then  W —  w  is  the  weight  of  mercury  which 
just  fills  the  apparatus  at  f.  We  have  now  all  the  data  required 
for  calculating  the  apparent  coefficient  of  expansion. 

The  volume  of  W —  w  grammes  of  mercury  at  0°  is,  by  [56], 
F'c=  -,-  ■  ^,-  .  Neglecting  the  expansion  of  the  glass,  this 
weight  of  mercury  occupies  at  f  the  same  volume  which  was 
filled  by  W  grammes  of  mercury  when  the  temperature  was 
zero ;  via.  the  volume  of  the  apparatus.  Hence,  the  volume  of 
W —  w  grammes  at  f  is   V  =  j-  .      But  if  Hi   repre- 

sents the  coefficient  of  apparent  expansion,  we  have,  by  (239), 
F'  ^  F  (1  -f-  11  ()  ;  and  substituting  the  values  of  V  and  V, 
wo  get,  by  reducing, 


--(W-iv)-t 


[176.] 
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Dulong  and  Petit  found,  by  tiiis  method,  that  the  apparent 
coefficient  of  expansion  of  mercury  in  the  common  glass  of 
Paris  is  gjVff  J  '^'^t  evidently  this  coefficient  depends  on  the 
expansion  of  glass,  and  is  liable  to  all  its  variations  (245). 

(253.)  We  can  also  easily  determine  the  apparent  expansion 
of  mercury  hy  a  thermometer-tube,  whose  stem  has  been  divided 
into  parts  of  equal  capacity  (221).  For  this  purpose,  -^ve  in 
the  first  place  ascertain  the  relation  between  the  volumo  of  the 
reservoir  and  that  of  one  of  the  divisions  of  the  tube  in  the  fol- 
lowing way :  — 

The  tube,  having  been  weighed,  is  partially  filled  with  mer- 
cury, and  the  point  on  tlie  lower  part  of  the  stem  at  wliich  tlie 
mercury  stands  in  melting  ice  is  carefully  marked.  Now  re- 
weigliing  the  tube,  we  find  the  weight  of  mercury  which  the  tube 
and  bulb  contain  below  this  index-mark.  Call  this  weight  W. 
An  additional  quantity  of  mercury  is  then  introduced,  so  that, 
when  the  apparatus  is  again  immersed  in  ice-water,  the  column 
stands  at  the  wtli  division  above  the  mark.  A  third  weighing  now 
gives  the  weight  of  mercury  occupying,  at  0',  n  divisions  of  the 
tube.  Call  this  weight  w  ;  then  —  is  the  weight  of  mercury 
which  fills  one  division  of  the  tube.  Assuming  the  volumo  of 
one  division  of  the  tube  as  our  unit  of  measure,  and  representing 
by  N'  the  number  of  such  units  of  volumo  which  the  bulb  and 
tube  contain  below  the  index-mark,  we  have 

iV'  =  »  J  ;  [17T.] 

and  knowing  the  number  of  these  arbitrary  units  of  volume 
below  the  index-mark  on  the  tube,  wo  can  by  simple  addition 
or  subtraction  find  the  number  below  any  other  division.  Let  us 
represent  this  number  in  general  by  N. 

Tlie  bnlb  and  tube  having  been  thus  gauged,  in  order  to  meas- 
ure tlie  apparent  expansion  of  mercury  we  have  only  to  deter- 
mme  the  ivio  fixed  points,  as  in  making  a  thermometer  (218). 
The  number  of  divisions  on  the  stem  between  these  points  is  the 
number  of  units  of  volume  which  iV  units  of  volume  expand  be- 
tween 0°  and  100°.  Kepresenting  by  n  the  number  of  divisions 
between  the  fixed  points,  wo  have,  by  [166], 

J\r-f  „=iVa  +  K100),     whence     ii  =  jr^y'      ^^'^^''^ 
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which  is  the  coefficient  rcquirctl.  This  method,  altliongh  not  so 
acciirate  iu  the  case  of  mercury  as  the  ono  described  iii  the  last 
section,  is  much  the  more  accurate  of  the  two  for  other  liquids. 

(254.)  Relation  between  the  Apparent  and  Absolute  Coeffi- 
cient of  Expansion.  —  It  has  already  been  stated  (249) ,  that  the 
apparent  increase  of  volume  of  mercury  in  a  glass  vessel  is  equal 
to  the  actual  increase  of  volume  diminished  by  the  amount  of 
expansion  of  tlie  glass.  A  simple  algebraic  calculation  will  show 
tliat  the  apparent  coefficient  of  expansion  of  mercury  is  also  equal 
to  tlie  absolute  coefficient  diminished  by  the  coefficient  of  expan- 
sion of  the  glass.  Representing  these  quantities  respectively  by 
K,  K,  and  IC,  we  have,  in  every  case, 

li=K-K'    (1),      or        K-=K-\i    (2);    [179.] 

so  that  we  can  always  calculate  either  coefficient  when  the  oUier 
two  ai-e  known.  Now  the  absolute  coefficient  of  mercury  is 
known  with  great  accuracy,  and  we  can  tlierefore  use  the  pro- 
cesses described  in  the  last  two  sections  for  determining  the 
coefficient  of  expansion  of  glass.  Indeed,  this  is  much  the  most 
accurate  method  we  have,  and  the  careful  determuiations  made 
by  Reguault  of  the  coefficients  of  expansion  of  different  kuids  of 
glass,  and  of  the  same  glass  under  different  circumstances,  were 
made  in  this  way. 

Wo  can  also  use  the  method  of  (252)  for  determining  the 
coefficient  of  expansion  of  any  solid  not  aeted  on  by  mercury, 
when  the  coefficient  of  tlie  glass  used  is  known.  For  this  pur- 
pose, a  weighed  amount  of  the  solid  (either  in  fragments  or 
in  the  form  of  a  bar)  is  introduced  into  a  glass  tube  closed 
at  one  end,  and  the  other  end  is  then  heated  in  a  lamp  and 
drawn  out  into  the  form  represented  in  Fig.  380.  The  tube  is 
next  ffiled  witli  mercury,  and  the  experiment  conducted  in  all 
respects  as  described  in  (252).  We  shall  tlien  have  the  follow- 
ing data  for  calculating  the  coefficient  of  expansion  of  the  solid: 

1.  the  weight  of  the  sohd  (TT),  and  its  specific  gravity  (S); 

2.  the  weight  of  mercury  in  the  tube  at  0°  (TP"')?  ^^^  i*^  specific 
gravity(S');  3.  the  weight  of  mercury  in  the  tube  at  f  (^W' — w); 
4.  the  coefficients  of  mercury  and  glass  (Jf  and  X'),  Eepresent- 
ing  also  by  x  the  unknown  coefficient  of  the  solid,  we  can  easily 
obtain  it  from  the  following  equation,  remembering  that  the  vol- 
ume of  the  tube  eitlicr  at  0°  or  f  must  be  eqiial  to  the  volume  of 
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the  enclosed  solid  plus  tho  volume  of  the  mercury  it  contains 
at  the  temperature.     See  also  [56]  and  [166]. 

(t+  T'-) a+iet)=^(i+xt)  +  ""j7-"^  (i+iTi).  [18(1.] 

From  this  ire  ohtain  the  yahie  of  the  coefficient, 


_  (5W'—Sk)K 


[181.] 


This  method  of  determining  the  coefiioieut  of  expansion  of 
solids  admits,  in  many  cases,  of  great  accuracy.  It  was  used  by 
Dulong  and  Petit  for  determining  the  coefficients  of  cubic  expan- 
sion of  iron,  platinum,  and  copper. 

(255.)  Laws  of  the  Expansion  of  Liquids. — The  fullest  in- 
vestigations on  the  expansion  of  liquids  have  been  made  by 
Kopp,*  in  Germany,  and  by  Pierre,t  in  France,  These  experi- 
menters followed  essentially  the  same  method.  They  deter- 
mined, in  the  first  place,  the  apparent  expansion  by  means 
of  a  thermometer-tube,  as  described  in  (25S),  and  afterwards 
corrected  the  results  for  the  expansion  of  the  glass.  The  follow- 
ing ai'e  the  most  important  facts  which  are  known  in  regard  to 
tlie  expansion  of  this  class  of  bodies. 

Liquids,  like  solids,  expand  with  an  almost  irresistible  force, 
which  may  be  measured  by  the  mechanical  effort  required  to 
condense  tho  expanded  liquid  to  its  initial  volume  (118).  For 
the  same  increase  of  temperature,  all  liquids  expand  more  than 
the  most  expansible  solid.  Tliis  we  shoiild  naturally  expect, 
from  (244),  because  liquids  are  more  compressible  than  solids; 
and  in  support  of  the  same  principle,  we  find  that  the  order  of 
expansibility  of  different  liquids  is  nearly  the  same  as  the  order 
of  compressibility,  although  by  no  means  identical  with  it.  It 
may  also  be  stated  as  a  general  rule,  but  one  to  which  there  are 
many  exceptions,  that  the  most  expansible  liquids  are  those 
which  have  the  lowest  boiling-points  ;  this  is  especially  true 
in  regard  to  liquids  which  are  allied  in  their  cliemical  proper- 

*  Po-^enaorfF,  Annalen,  Band  LXXII.  S.  223.  Also  Ann.  Chcm.  und  Plnu-in., 
Band  XCIV.   S.  257  ;  Band  XCV.  S.  307. 

t  Annales  do  Chiniie  et  de  PhjsiiiBe,  3'  Se'rie,  Tom.  XV.,  XIX,  XX.,  SXI., 
SXXL,  XXXIII. 
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tics.  The  diffcrenco  between  the  coefficients  of  expansion  of 
diffei-out  liquids  for  the  extreme  cases  is  very  great.  Thus, 
while  the  coefficient  of  mercury-is  only  0.00019  at  the  boiling- 
point,  that  of  aldehyde  is  0.002025,  only  one  thu-d  less  than  that 
of  air.  The  amount  of  expansion  of  different  liquids  for  the 
same  intei-val  of  temperature  may  therefore  differ  immensely. 

The  rate  of  expansion  of  all  liquids  increpses  with  the  tempera- 
ture ;  but  it  varies  according  to  different  laws  with  different  sub- 
stances, and  these  laws  appear  to  be  very  complicated.  Of  all 
liquids,  the  coefficient  of  expansion  of  mercury  increases  the  most 
slowly,  that  of  water  the  most  rapidly,  — the  difference  between 
the  mean  rate  of  increase  in  the  two  cases  being  (according  to 
Regnault  and  Kopp)  as  28  to  1,408.  The  following  table,  which 
includes  also  a  few  of  the  results  of  Pierre's  investigation,  will 
illustrate  these  facts. 


Coefficient  of 

Coeffleimt  of 

iDereaBebolween 

Brfltng- 

Name  of  IJquld. 

0°  8Bd  BoUins- 

Poiut. 

Boilina-l'oint. 

"'"'■ 

Ptlnt,forl«. 

Mercury, 

0.000197* 

0.000179* 

0.023 

360° 

Chloride  of  Amjle,     . 

0.001693 

0.01)1171 

0.158 

101.75 

Terebene, 

0.001328 

0.00081)0 

0.299 

IGl 

Ethylic  Alcohol, . 

0.001347 

0.001049 

0,364 

78.3 

Mcthylic  Alcohol,  . 

0.001491 

0.001185 

0.409 

63 

Bi-omine,     , 

0.001318 

0.001033 

0.429 

63.04 

0.0015S9 

0.001129 

0,521 

78.34 

Chbioform, 

O.0O1-IS8 

0.001107 

0.B43 

63.50 

Amylii;  Alcohol,     , 

0.001608 

0.000890 

0.611 

131.S 

Bromide  of  Metlijle,  . 

0.001559 

0.001415 

0.7S2 

13 

Chbride  of  Silicon, 

0.001978 

0.001294 

0.896 

59 

Sulphtirous  Acid, 

0.001820 

O.OOHBGt 

1.154 

-8 

Aldehyde,      . 

0.002121 

0.001053 

1.2S8 

23 

Water, 

0.000  J 

0.0000 1 

14.032 

100 

It  has  been  found  in  a  few  cases,  that,  starting  from  the  boiling- 
point,  the  volumes  of  hquids  belonging  to  the  same  chemical 
group  dimmish,  as  the  temperature  fitlls,  very  nearly  at  the 
same  rate.  By  this  is  meant,  that,  starting  with  equal  volumes 
of  such  chemically  allied  liquids  at  their  boiling-points,  the  vol- 
umes also  will  be  equal  at  temperatures  equally  distant  from  these 
points.     At  least,  this  was  observed  to  be  true  by  Tierre  in  five 

*  Calculated  from  Regnaalt's  formula  [172]. 

t  This  coefficient  of  sulphurous  acid  is  taken  at  —25°. 85, 

J  Calculated  from  Kopp's  fonnute  on  page  527. 

44 
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Keparate  instanocs;  but  unfortunately  these  groups  consisteii  of 
only  two  or  tliree  liquids,  and  hence  no  general  conclusions  can 
be  drawn  from  the  facts. 

The  expansion  of  most  liquids  can  be  represented  by  a  formula 
of  the  general  form  [ITl],  with  the  same  numerical  coeiEcients 
for  all  temperatures  between  the  limits  of  the  experiment.  The 
following  are  Uie  formulse  for  alcohol,  etlier,  and  oil  of  turpentine, 
as  calculated  by  Kopp  from  the  results  of  his  own  experiments :  — 

Alcohol,    Sp.  Gr.  =  0.80950  ;  B.  P.  =  78°.4 ;  C  to  79°.C. 

V=l~\-  0.00104139 1  +  0.0000007836  fi  -\-  0.000000017618 1\ 
Ether,    Sp.  Gr.  —  0.73658  ;  B.  P.  =  S4'.9  ;  0°  to  33°. 

r=  1  +  0.00148026  ( +  0.00000350316(=  +  0.000000027007;;'. 
Oil  of  turpentine,    Sp.  Gr.  :=:  0.884  ;   E.  P.  —  150"  ;   9°.3  fo  lOo^.e. 
V=  1  -f  0.0009003(  4-  0.0000019590(2  -j-  0.0000000045 (=. 

In  each  case  are  given  the  specific  gravity,  tlie  boiling-point,  and 
the  limits  of  temperature  between  which  the  experiments  from 
which  the  formula  is  dediiced  were  made, 
Strictly  speaking,  the  formula  only  holds 
between  tliese  hmits ;  but,  nevertlieless, 
it  can  he  used  without  any  important 
error  for  temperatures  a  few  degrees 
either  above  or  below  tlio  extreme  lim- 
its, as,  for  example,  to  determine  the 
volume  of  a  liquid  at  the  boiling-point. 
The  law  of  expansion  which  any  given 
liquid  obeys  may  also  be  expressed  by 
means  of  a  cui-ve  applying  the  principle 
already  explained  in  (195).  Fig.  381 
represents  three  such  curves,  those  of 
mercuiy,  water,  and  alcohol.  Here  the 
numbers  on  the  horizontal  axis  indicate 
degrees  of  temperature,  and  the  numbers 
on  the  vertical  axis  the  corresponding 
amount  of  expansion,  expressed  in  frac- 
tions of  the  unit  of  volume.  These 
curves  illustrate  several  of  tlie  facts  just 
stated.  It  is  evident,  for  example,  that  alcohol  expands  miich 
more  rapidly  than  either  of  the  other  two  liquids.     It  will  also 
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be  notiosi,  tliat,  alllioiigli  aboTe  40"  mtcr  expands  more  rap- 
idly fbaii  mercury,  yet  bcloir  this  temperature  tlie  order  is  re- 
versed. Moreoyer,  it  ivill  be  seen  tliat  tlie  our™  ot  mercury  is  a 
straight  line,  showing  that  the  amount  of  its  expansion  is  propor- 
tional to  the  temperature,  or,  in  other  -words,  that  the  rate  is  uni- 
form. (The  small  variation  yrhich  actually  exists  is  not  sensible, 
on  account  of  the  reduced  scale  of  the  figure.)  The  curve  of 
alcohol,  on  the  oOier  hand,  bends  in  towards  the  vertical  axis, 
indicating  that  its  rate  ot  expansion  increases  mth  the  tempera- 
ture ;  and  the  curve  of  water,  bending  much  more  strongly, 
points  to  a  still  more  rapid  variation. 

(256.)  Expansim  of  Liquids  above  the  Boiling-Point.  —  It 
is  a  well-known  fact,  tliat,  when  a  hquid  is  confined  in  a  strong 
and  hermeticahy-sealed  vessel,  its  tumperatnre  may  be  raised  very 
greatly  above  its  boilmg-point ;  and  it  becomes  a  very  interesting 
subject  of  inquiry,  whether  the  rate  of  expansion,  which  increases 
so  rapidly  as  wo  approach  this  point,  increases  with  equal  rapid- 
ity above  it.  This  subject  has  recently  been  investigatsd  by 
C.  Drion,*  and  he  has  an-ived  at  the  very  remarkable  conclusion, 
that  tmder  these  circumstances  the  cocfScisnt  of  expansion  of  a 
liquid  not  only  mcreases  at  a  constantly  accelerated  rate,  but  also 
that  it  may  even  surpass  the  coefScient  of  expansion  of  the  gases. 
The  experiments  of  Drion  were  made  on  chlorido  of  ethyle, 
hyponitric  acid,  and  sulpliurons  acid,  and  his  results  are  given  in 
the  following  table,  which  shows  the  coefficients  of  expansion  of 
all  three  liquids  at  the  temperatures  indicated. 


'•— 

CMfllcimt  or  Eipsn^ion. 

Chloride  of  Ethj-le. 

lJp.  =  _-8-. 

'•ef'~il'- 

O.00J482 

0.001734 

0.001445 

0.001699 

0.002029 

0.001596 

0.001919 

0.002371 

0.001847 

0.002202 

0.00284G 

0.002230 

0.002625 

0.003609 

0.002910 

0.004147 

100 

0.003280 

0,004859 

110 

0.003690 

0.005919 

0.004306 

0.007565 

130 

0.005031 

0.009571 

Couffieient  of  expansi 


n  of  Mir  =  0.003665. 


;t  ae  Physique,  3=  S6-ic,  ToiD.  LYI. 
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It  will  be  noticed  tliat  the  coefficients  of  all  three  liquids  in- 
crease Tvitli  very  great  rapidity  above  their  boiling-points,  and  that 
those  of  the  first  two  soon  exceed  the  coefficient  of  air.  The 
same  is  undoubtedly  the  case  with  hyponitric  acid ;  but  it  was 
impossible  to  push  the  experiment  above  90°,  because  the  deep 
color  of  the  vapor  obscured  the  position  of  the  summit  of  the 
liquid  column  in  the  thermometer-tube. 

These  results  confirm  the  following  observation  made  by  Thi- 
lorier,  in  1835,  in  regard  to  the  expansion  of  liquid  carbonic 
acid,  wliich  has  been  hitherto  received  with  great  mistrust  on 
account  of  its  paradoxical  nature,  but  which  is  now  shown  by 
Drion  to  be  in  perfect  harmony  with  the  laws  of  liquid  expan- 
sion :  -— 

"  This  liquid  presents  the  strange  and  paradoxical  fact  of  a 
liquid  more  expansible  than  the  gases ; in  a  word,  its  ex- 
pansion is  four  times  greater  than  air,  which  between  0°  and  30° 
expands  only  -^fj,  while  the  expansion  of  liquid  carbonic  acid 
reduced  to  the  same  scale  amoimta  to  ii?."* 

(257.)  Expansion  of  Water.  —  The  expansion  of  water  is  far 
more  irregular  than  that  of  any  known  liquid,  altliough  the  total 
amount  of  expansion  between  0°  and  100°  is  comparatively  small. 

This  fact  is  shown  by  the  table  on  page  517,  from  which  it 
appears  that  the  coefficient  of  water  increases  as  the  temperature 
rises  vastly  more  rapidly  tlian  tliat  of  any  other  liquid  mentioned, 
although  this  coefficient,  even  at  the  boiling-point,  is  the  smallest 
in  the  table  with  tiie  single  exception  of  that  of  mercury ;  and  not 
only  does  the  coefficient  increase  with  this  unparalleled  rapidity, 
but  also  the  rate  of  increase  varies  so  irregularly,  that  it  has  been 
found  impossible  to  express  the  volume  of  water  at  different 
temperatures  by  any  single  empirical  formula.  All  this  is  true 
of  the  expansion  of  water  between  10°  and  100°,  and  below  10° 
the  expansion  is  still  more  irregular  than  it  was  above ;  for  water 
alone  of  all  liquids  has  a  point  of  maximum  density  above  its 
freezing-point  (4°  C),  and  from  this  temperature  it  expands, 
whether  it  be  heated  or  cooled. 

(258.)  Point  of  Maximum  Density.  —  This  last  fact,  which  is, 
so  far  as  we  know,  a  unique  property  of  water,  and  seems  to 
be  a  special  adaptation  in  the  plan  of  creation,  can  be  very  well 

*  Anuaks  ds  Cliimle  ei  de  Physique,  2«  Se'rie,  Tom,  LX,  p.  *27. 
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illustrated  by  means  of  the  apparatus  ropreseiitud  in  Fig.  382. 
The  apparatus  is  essentially  a  large  water  tlicrmometer,  —  a 
glass  flask  of  about  one  litre  capacity  form- 
ing the  bulb,  and  the  tube  being  secm-ed 
by  leather  packing  in  a  brass  cap,  which 
screws  into  a  collar  of  the  same  metal, 
cemented  to  the  neck  of  the  flask  (see  Fig. 
383).  The  temperature  of  the  water  in 
the  flask  is  given  by  a  thermometer  sus- 
pended &om  a  hook  on  the  under  side  of 
tlie  cap,  and  the  height  of  the  column  in 
the  tube  is  obseryed  by  meins  of  i  wooden 
scale  diTided  into  millimetres,  coimting 
from  a  zero-point  near'  tli 


lower  end. 

If  this  apparatus  is  placed 
in  a  cold  room,  whose*  tcm 
perature  is  below  the  free? 
ing-poiiit,  and  carefulh 
watched,  the  cohimn  of 
wattr  in  the  t\ibe  will  be 
seen  to  fall,  ^mtll  the  thpr 
mometei  m  tlie  flask  maiks 
about  6°  It  will  then  be 
at  its  lowe'it  point ,  for  is 
the  temperature  fills  '•till 
lower,   Uie  liqmd    column 

will  begin  to  use  in  the  tube,  and  continue  to  use  until  the 
watei  fieezes,  altliough  by  keeping  the  appaiatus  prrfectly  still 
the  watei  may  be  cooled  seyeial  dtgieeti  below  its  iioimal  fteez 
mg  point  before  tins  takes  place 

The  touise  of  this  \ery  remarkable  phenomenon  miy  bo  best 
repiesented  to  the  eye  by  means  of  a  curve  In  Pig  obi,  tlie 
ordmate'S  of  the  cune  ab  c  represent  degrees  of  temperature, 
and  the  abscissas  the  conesponding  height  of  the  column  of 
water  in  the  tube  oi  the  ippaiatus  (Fig  383"),  measured  from 
the  zero-mark  on  the  scale ;  and  it  will  be  noticed  that  the  curve 
bends  towards  the  axis  of  ordinates,  reaching  its  lowest  point  at 
the  temperature  of  about  6°.  This  curve  does  not,  however, 
represent  faithfully  the  variation  in  the  volume  of  the  water. 
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since  tlie  height  of  tho  liquid  column  in  the  tube  depends  on  the 
expansion  of  the  glass  as  well  as  on  that  of  the  enclosed  liquid. 
But  since  we  know  the  volume  of  tho  glass  flask  and  ils  coeffi- 
cient of  expansion,  it  is  easy  to 
calculate  the  eifect  produced  by 
its  expansion  ;  and  thns  we  can 
reduce  tho  ohserved  heights  of  tlie 
column  of  water  to  what  they 
would  be,  were  tho  volume  of  the 
vessel  absolutely  constant.  If,  then, 
Ave  construct  a  curve  with  these 
corrected  heights,  we  shall  obtain 
the  curve  adf,  which  represents 
accurately  the  variation  in  the  vol- 
ume of  water  between  0°  and  1G° ; 
and  it  will  he  seen  that  the  liquid 
has  the  smallest  volume  (or  is  most 
dense)  at  4°. 

Tliere  is  another  singular  fact 
connected  with  this  phenomenon. 
Starting  from  the  point  of  maxi- 
mum density,  the  rate  of  expansion 
of  water  increases  with  very  nearly  equal  rapidity,  whether  we 
heat  or  cool  the  liquid.  This  is  illustrated  by  the  water  ther- 
mometer (Fig.  385),  in  which,  as  before  described  (219),  the 
degrees  have  been  proportioned  to  tlie  rate  of  expansion.  In  this 
thermometer,  as  in  the  apparatus  of  Fig.  382,  the  water  will  be 
at  the  lowest  point  at  6°,  and  from  this  temperature  the  water  will 
rise  whether  the  instrument  be  heated  or  cooled,  the  length  of 
the  degrees  in  either  case  rapidly  increasing.  Tlie  temperatures 
below  6°  are  marked  in  the  figure  on  the  leflrhand  side  of  the 
scale  of  the  instrument ;  but  here,  as  before,  the  phenomenon  ie 
obscured  by  tlie  expansion  of  the  glass,  so  that  the  rate  of  expan- 
sion on  either  side  of  the  point  of  maximum  density  cannot  be 
directly  compared.  It  is  evident,  however,  tliat  it  uicreases  in 
both  cases  with  great  rapidity ;  and  were  the  tube  and  bulb  inex- 
pansible,  the  lowest  point  on  the  scale  would  be  4°,  and  the 
degrees  on  either  side  would  be  of  equal  lengths. 

Tho   fact  that  water  has   a  point  of  maximum  density  was 
first  noticed  by  the  Florentine  Academicians  as  early  as  1670 ; 
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but  the  phenomenon  was  first  ciiptiilly  iint'. 
tigated  by  Leffibre  Gineau,  wlulo  <lLfeimunn„ 
tlie  French  unit  of  weight,  at  the  dose  of  thu 
last  centmy  (12).  He  fised  the  point  of  masi 
mum  density,  by  weighing  a  miss  of  biass  m 
water  (1S5)  and  comparing  the  lo'is  of  weight  it 
different  temperatures,  —  talking  care  to  n-du'c 
the  results  to  what  they  would  ha-ve  been  if  the 
volume  of  the  brass  had  remanicd  alisolutely 
constant.  Ho  found  that  wat<.r  was  mc^t  dense 
at  4° .5  C,  and  this  result  was  confirmed  subse 
quently  by  Hallstrom,*  who,  usnig  essentially 
the  same  process,  fixed  tho  point  of  maxnnuni 
density  at  4M.  Still  latei,  DesprUz,!  m  aiery 
extended  inyestigation,  published  in  183'^,  on 
the  expansion  of  water  from  — 9°  to  -j-lOO",  al 
so  fixed  the  point  of  maxunum  density  at  4 
:;  used  in  his  expeiiment  theimometci 
I,  and  measured  the  change  of  volimie  hy 
the  method  described  in  (2j3),  coirecting  of 
coarse,  the  observed  results  for  the  expansion 
of  the  glass.  These  observations  were  evidently 
exposed  to  all  tlie  uncertainties  connected  with 
the  expansion  of  glass,  ilieady  noticed  (245) , 
and  since,  near  the  point  of  maximum  densitj , 
the  expansion  of  glass  beai  s  a  -^  ery  lai  ge  pi  opor 
tion  to  that  of  water,  a  small  eiioi  m  the  dc 
termination  of  this  quantity  may  have  caused 
an  impoi-taiit  error  in  tlii,  final  lesult  In  oidui 
to  avoid  this  source  of  erioi,  Plucker  and  Geiss 
ler4  who  have  made  the  most  lecent  imesti 
gations  on  this  subject,  used  theimometer  tubes 
very  ingeniously  contrived  so  that  the  expan&ion 
of  mercury  should  corruct  that  of  the  gla=!s 
They  found  it,  howevei,  impossible  to  deter 
mine    with     absolute    accuiacy    the    point    of 

*  Annolea    de    Chimie   et    ie   Phjs  que    2     &  n      T  m 
XXVin.  p.  56. 

t  Comptes  Rendus,  Tom.  IV  }   1  *     Tom  X  131 
t  Pc^gendorff'E  Annaleii,  Bdnd  LXXXVL 
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maximum  density  by  direct  obserTatioii ;  but  they  concluded 
that  it  must  be  very  near  3°.8,  and  tliat  it  miglit  be  regarded 
for  all  practical  purposes  as  at  4°  without  sensible  error.  In- 
deed, it  is  impossible  ivith  our  present  methods  of  observation 
to  fix  tlie  point  of  maximum  density  within  a  quarter  of  a 
Centigrade  degree  ;  nor  is  this  important,  since  the  Tohime  of 
water  does  not  vary  perceptibly  for  a  degree  on  either  side  of 
this  "point. 

Fig.  386  gives  a  graphic  delineation  of  the  expansion  of  water 
between  — i"  and  +12°,  according  to  the  method  of  analytical 


geometry.  Tlie  curve  drawn  witli  a  heavy  line  has  been  plotted 
from  the  results  of  Pliicker  and  Geissler,  and  that  with  a  light 
line  from  those  of  Despretz.  The  abscissas  of  the  curves  are 
tlie  degrees  of  temperature,  and  the  ordinates  are  tlie  amounts  of 
expansion,  —  tlie  number  on  the  vertical  axis  being  in  each  case 
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SO  many  millioiiths  of  the  volume  at  0".  It  will  be  noticed  that 
the  two  branches  of  the  curve  on  either  side  of  the  abscissa  of 
■±°  are  similar,  showing,  as  stated  above,  that  the  expansion 
increases  at  the  same  rate  from  the  point  of  maximum  density, 
whether  the  water  be  heated  or  cooled. 

This  provision  in  the  constitutiou  of  water,  that  its  point  of 
maximum  density  is  four  degrees  above  the  freezing-point,  is  one 
of  great  importance  hi  the  economy  of  nature  ;  for  were  it  not 
for  this  apparent  exception  to  an  otlierwise  nnivereal  law,  all  the 
ponds  and  lakes  of  our  northern  climates  would  be  converted 
every  winter  into  a  solid  mass  of  ice.  It  must  be  remembered, 
that  all  liquids  are  poor  conductors  of  heat,  and  that  they  can 
only  be  heated  or  cooled  by  a  circulation  of  their  particles,  by 
which  each  in  its  turn  is  brought  in  contact  with  some  hot  or 
cold  surface.  Hence  we  cannot  cool  a  liquid  by  removing  the 
heat  from  below.  The  lowest  stratum  of  liquids,  it  is  true, 
readily  yields  its  heat ;  but  since  its  density  is  thus  increased,  it 
remains  persistently  at  the  bottom,  and  then  its  poor  conducting 
power  comes  into  play,  and  prevents  the  escape  of  the  heat  from 
tlie  great  mass  of  the  liquid  above.  We  can  easily,  however, 
cool  a  liquid  by  removing  the  heat  from  the  upper  siirface,  for 
then  the  particles  of  liquid  sint  as  fast  as  they  are  cooled,  until 
the  whole  mass  is  reduced  to  a  uniform  temperature. 

Such  a  circulation  as  this  takes  place  in  every  pond  as  the 
winter's  cold  increases,  and  continues  until  the  temperature  of 
the  mass  of  water  has  been  reduced  to  i" ;  but  as  the  tempera- 
ture approaches  the  point  of  maximum  density,  the  circulation 
slackens,  and  is  entirely  arrested  when  that  point  is  fully  reached. 
The  surfiice  water  cools  still  lower,  and  finally  freezes  ;  but  then 
the  ice,  being  a  poor  conductor  of  heat,  and  floating  on  the  sur- 
face, serves  as  a  cloak  to  the  pond,  so  that  during  the  coldest 
winter  a  tliermometer  will  always  indicate  a  temperature  of  4° 
if  sunk  only  a  few  feet  below  the  ice. 

If  water  had  been  constituted  like  other  liquids,  the  circula- 
tion just  described  would  have  continued  down  to  the  freezing- 
point,  and  the  ice,  being  now  heavier  tlian  the  water,  would  have 
first  formed  at  the  bottom  of  the  pond,  and  gradually  accumu- 
lated until  the  whole  mass  of  water  was  frozen.  On  such  a  body 
of  ice  the  hottest  summers  would  have  produced  but  little  effect  ; 
and  as  now  during  the  winter  the  water  freezes  only  to  the  depth 
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of  a  few  foot,  no  then  during  the  summer  tho  ice  would  only  have 
melted  on  tho  surface.  Thus  it  is  that  the  order  of  creation  de- 
pends on  an  apparent  exception  to  a  general  law,  bo  slight  and  so 
limited  in  its  extent  that  it  can  only  be  detected  by  the  most 
refined  expeiTmcnts. 

A  point  of  maximxim  density  has  not  been  observed  with  cer- 
tainty in  any  liquid  except  water ;  but,  nevertheless,  it  is  possible 
that  sneh  a  point  may  exist  in  a  few  melted  metals,  such  as  cast- 
iron,  antimony,  and  bismuth,  which,  like  water,  expand  on  becom- 
ing solid.  Tliese  substances,  however,  are  liqiiid  only  at  high 
temperatures,  at  which  it  is  impossible  to  malte  accurate  meas- 
urement. On  the  other  hand,  it  has  been  proved  in  the  case  of 
many  liquids,  which,  like  olive-oil,  contract  on  solidifying,  that 
there  is  no  point  of  maxunum  density. 

Despretz  has  carefully  studied*  the  effect  of  salts  dissolved  in 
water  on  its  point  of  maximtim  density.  He  found,  in  general, 
that  aqueous  solutions  have  a  point  of  maximum  density,  which 
may  be,  however,  below  the  normal  freezing-pohit  of  tlie  solution 
when  the  quantity  of  salt  dissolved  is  considerable.  The  point 
of  maximum  density  sinks  very  nearly  in  proportion  to  the  quan- 
tity of  salt  dissolved,  and  more  rapidly  than  the  freeznig-point, 
so  as  finally  to  fall  below  it  (271).  A  table  will  be  found  in  the 
memoir  just  referred  to,  giving  the  pouit  of  maximum  density, 
as  well  as  the  freezing-point,  in  solutions  of  various  salts  at  dif- 
ferent degrees  of  concentration. 

(259.)  Volume  of  Water  at  different  Temperatures.  — Several 
experimenters,  but  especially  Despretz,  Pierre,  and  Kopp,  have 
determined  the  volume  of  the  same  quantity  of  water  at  difier- 
ent  temperatures  between  — 15°  and  100° ;  and  then,  by  means 
of  interpolation  formulae,  calculated  the  volume  for  every  degree 
between  these  limits.  The  volumes  and  correspondmg  specific 
gravities,  as  tlius  calculated  by  Kopp,  are  given  in  Table  XVI. 
As  already  stated,  it  is  unpossible  to  express  the  volume  of 
water  at  all  temperatures  by  any  single  formula;  but  the  fol- 
lowing fonnulte  will  give  the  volume  very  closely  over  an  m- 
terval  of  twenty-five  degrees.  The  first  of  tliese  was  calculated 
by  Fraukenheim  from  Pierre's  experiments,  tho  rest  are  by 
Kopp. 

*  Comptes  Rcudus,  Tom.  IV.  p.  435. 
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Between  ^-ISi"  and  0°, 

r  =  1  —  0.00009417  (  +  0.0000014 19  (^  —  0.0000005985  (". 


Between  0° 

Md  2S", 

V=l  — 

■  O.O00061O45( 

■  + 

0.0000077183  (=~ 

-  0.00000003734i* 

BeUveea  25° 

and  50', 

r=i  — 

.  O.0000G5415( 

■  + 

0.0000077587  (^  - 

-  0.000000035408  (^. 

Between  50° 

■  and  75°, 

r=l  +  0.00005916i  +  C 

1.0000031849  (^  + 

0.0000000072848  i». 

Between  75°   iind  100°, 

Vz=  1  -|-  0.00008645;  +  0.000003189 2 i^  -\~  0.0000000024487;'. 

(260.)  The  Coeffi.ciefit  of  Expansion  of  Water.  —  We  have 
assumed  that  the  coefficient  of  expansion  of  a  substance  at  any 
given  temperature,  t,  is  the  Email  fraction  of  its  volume  by  which 
one  cubic  centimetre  of  the  substance  will  increase  when  heated 
from  f  to  (t  -\-  ly  ;  and  this  assumption  is  sufficiently  correct  in 
the  case  of  most  substances,  for  we  may  regard  the  rate  of  expan- 
sion as  constant  through  one  degree.  The  coefficient  of  expan- 
sion of  water,  however,  increases  so  rapidly,  that  we  cannot 
without  en-or  regard  it  as  absolutely  the  same  even  for  one 
degree ;  and  we  must  therefore  define  the  coefficient  of  water 
at  any  given  temperature,  f,  as  the  small  fraction  of  its  volume 
by  which  one  cubic  centimetre  would  expand,  when  heated  from 
f\fy(J,-^ X)",  if  the  rate  of  expansion  were  the  same  during  the 
interval  that  it  is  at  f. 

We  easily  obtain  from  [166],  for  the  value  of  the  coefficient  of 
expansion  at  any  given  temperature,  t,  the  value 

in  which  V  is  the  volume  of  tlie  liquid  at  a  given  temperature,  t, 
and  V'  the  volume  at  a  temperature,  f,  a  few  degrees  higher. 
This  formula,  like  our  first  definition,  assumes  that  the  coefficient 
is  constant  between  (  and  V  degrees.  We  may  evidently,  how- 
ever, conform  the  formula  to  the  definition  just  given,  by  making 
the  interval  of  temperature  V—t  infinitely  small.  It  may  then 
be  expressed  by  d  t,  aiid  the  corrcspondmg  difference  of  volume, 
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or    V  -  V, 
becomes 


will  be  d  V.      Making  these  substitutions,    [182] 


-^C  =  -  --  ■  irj  ■ 


[18;i.J 


Since  now  wo  can  easily  obtain  the  value  of  -j^  by  differen- 
tiating one  or  the  other  of  the  values  of  V  on  page  527,  we  can 
easily  calculate  the  coefficient  of  expansion  of  water  at  any  given 
temperature,  by  simply  dividing  this  differential  coefficient  by  the 
value  of  Ffor  the  given  temperature,  calculated  by  means  of  the 
formulae  just  referred  to.  Such  calculations  would  show  that 
the  coefficient  of  expansion  of  water  varies  from  zero  at  the 
point  of  maximum  density  to  0.00076487  at  100°,  the  rate  of 
expansion  increasing  far  more  rapidly  than  that  of  any  otlier 
liquid  known. 

Expansion  of  Gases. 
(261.)  The  differences  between  the  amounts  of  expansion  of 
different  gases  for  the  same  increase  of  temperatiire  are  far  less 
than  with  either  liquids  or  solids ;  indeed,  they  are  so  small,  that, 
previous  to  the  refined  investigations  of  Regnault  on  tliis  sub- 
ject, the  coefficient  of  expansion  of  all  gases  was  supposed  to  be 
absolutely  the  same.  The  annexed  table  gives  the  results  of 
Regnault's  determinations  of  the  coefficients  of  expansion  of  a 
few  of  t!ie  best-known  gases  ;  and  it  will  be  noticed  that  the 
coefficients  of  the  first  four,  which  have  not  yet  been  condensed 
to  liquids,  are  all  sensibly  the  same,  while  the  coefficients  of  the 
last  three,  all  condensible  gases,  are  considerably  greater,  and 
tlie  greater  in  proportion  to  tlie  readiness  with  which  they  may  be 


of& 


of  Gases. 


Air, 

.     O.OOSOGS 

0.003670 

Nitrogen,    . 

0.0036G3 

0.003670 

Hydrogen,       . 

.     0.003  (iG7 

0.003661 

Oxide  of  Carbon, 

0.0036G7 

0.003669 

Cavbonie  Acid, 

.     0.003688 

0.003710 

Cyanogen,  . 

0.00382!l 

0.003877 

Sulplmrous  Acid,    . 

.     0.003845 

0.003903 
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The  first  four  coefficients,  those  of  the  constituents  of  air  and 
wat«r,  may  he  regarded  as  identical,  at  least  for  all  practical 
purposes  ;  and  if  considered  equal  to  0.003666+,  the  expansiou 
for  one  htmdred  degrees  will  he  represented  by  the  vulgar  frac- 
tion U,  which  can  be  easily  remembered.  In  like  mauuer,  the 
expansion  for  one  degree  may  be  represented  very  closely  by  the 
vulgar  fraction  sh-  Hence  273  cTm:'  of  any  permanent  gas  at 
0°  become  2T4  cTm^'  at  1°  ;  and  if  we  assume  that  the  expansion 
is  exactly  proportional  to  the  temperature,  tliey  will  become 
(274  -\-  i)  cTm.*  at  t°.  Moreover,  representing  by  V  any  volume 
of  a  permanent  gas  at  0%  we  shaU  have  by  [166],  for  the  volume 
at  f,  the  expression, 

p=  Y.0_  -I-  0.00366  0-  V-^^-l 

The  values  of  (1  +  0  OOBGt.  t)  foi  euiy  tmth  of  a  degree  from 
—2°  to  40",  with  their  coirc'iponding  logantlims,  aio  given  in 
Tables  XI.  and  XII  foi  convenience  of  computation 

The  coeQicient  of  expin'^ion  ot  i  gas  may  be  estimated  m  two 
ways.  In  the  first  place,  we  may  rac  i^me  thp  mcreise  of  volume 
which  the  gas  undcrgoe';,  supiwasing  the  piessuie  on  the  gas  to 
remain  constant  while  the  lolume  expands,  or,  in  the  second 
place,  keeping  the  lolume  the  same,  i^e  cin  measure  the  in- 
creased tension  which  the  gas  exextf,  owmg  to  the  increased 
temperature ;  and  we  can  then  calculate  bj  [f*8]  what  would 
have  been  the  increased  i  olume  had  the  gis  been  iHowed  to 

expand.    The  diftercnce  between  the-^e  two  methods  -^i  ill  be  better 

understood  by  experimental  lUu'^tiation 
In  Fig.  387,  B  ib  %  ghsi  globe 

holding  from  1,000  to  bOO  c"^' 

of  perfectly  dry  gis,  whose  cocffi 

cient  of  expansion  is  to  be  meis 

ured.      TMs    globe    if    filled   bj 

exhausting  the   air  by  inein«  ol 

an  air-pump,  connected  by  i  flex 

ible  hose  with  the  tubo  p,   ind 

then    allowing   thf   gis  to  enter 

through  tubes  filled  with  pumice 

stone,  moistened  with    sulphuiic 

acid,  or  with  chlonde  ot  calcium,  ' 

two  substances  which  have  a  very  strong  attraction  for  water  (see 
45 
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Fig.  388).  The  exhaustion  is  repeated,  and  fresh  gas  admitted, 
twenty  or  thirty  times,  until  the  gas  in  the  globe  and  the  con- 
necting tubes  is  known  to  be  pure  and  dry.  The  connectioii 
between  the  globe  and  the  pump  is  now  closed  by  turning  a 
three-way  stopcock  at  a,  leaving,  however,  the  connection  be- 
tween the  globe  and  the  manometer-tube  a.^  y  still  open.  The 
construction  of  this  manometer  has  already  been  described 
(168,  2).  "When  the  apparatus  has  been  thus  filled  with  a 
gas,  the  coefficient  of  expansion  may  be  readily  determined  by 
either  of  tlie  two  methods  just  mentioned, 

First  Method.  "We  begin  the  detei-mination  by  surrounding 
the  globe,  supported  in  a  copper  boiler,  as  represented  in  the 
figure,  with  pounded  ice,  so  as  to  reduce  the  temperature  of  the 
enclosed  gas  to  0°.  We  then  regulate  the  quantity  of  mercury 
in  the  manometer  so  that  the  columns  in  tlie  two  tubes  shall 
stand  at  the  same  height,  as,  for  example,  a,  which  is  carefiilly 
noted.  This  is  readily  eifected  by  either  drawing  out  mercury  at 
the  lower  stopcock,  or  by  pouring  it  in  at  the  mouth  of  the  open 
tube.  When  the  adjustment  is  perfect,  we  build  a  fire  under  the 
copper  boiler  and  siirround  the  globe  with  steam,  by  which  tlie 
temperature  of  the  gas  is  soon  raised  to  100°.  The  increased 
elasticity  of  the  gas  due  to  the  increased  temperature  will  drive 
out  a  portion  into  the  manometer-tube,  forcing  down  the  mercury- 
column.  A  quantity  of  mercury  is  now  drawn  off  at  the  lower 
stopcock,  until  the  columns  in  the  two  tubes  again  stand  at  the 
same  level,  Wlien  this  is  the  case,  the  gas  is  exposed  to  the 
same  pressure  as  before,  and  we  then  read  off  tlie  increased 
volume  by  means  of  graduations  on  the  tube  provided  for  tlic 
purpose. 

Let  us  represent  the  observed  increase  of  volume  in  this  experiment 
by  V,  and  let  us  assume  that  the  pressure  of  the  atmosphere,  as  indi- 
cated by  the  barometer,  remained  constant  at  76  e.  m.  during  the  ex- 
periment If  now  we  represent  the  volume  of  air  in  the  globe  at  0°  by 
V,  it  is  evident  that,  if  heal«d  so  that  it  could  expand  freely,  this  volume 
would  beeome  at  100°,  V  {l-\-K  100) ;  an  expression  in  which  £"  is  the 
coefficieat  of  expansion  required.  In  the  apparatus  before  us,  however, 
the  excess  of  gas  due  to  the  expansion  escapes  into  the  tube  da^,  where 
it  is  exposed  to  a  much  lower  temperature.  Call  this  temperature,  which 
is  always  carefully  observed,  (°.  The  volume  of  this  smal!  amount  of  gas, 
had  its  temperature  been  maiulained  at  100°,  would  evidently  have  beeu 
V  (1-|-^[100  —  i]),  BO  that  we  have  the  equation 
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F  {1  +  A'  100)  —  F+  «  (1  +  -ff  [100  —  (])  [186.] 

It  must  be  remembered,  however,  tliat  flie  glass  globe  expands  as  well  as 
the  gas,  and  therefore  contains  at  100°  a  larger  volume  of  gaa  than  at  0°. 
This  increased  volume  can  be  readily  calculated  from  the  coefficient  of 
expansion  of  glass  {K'),  and  is  V  {\-\-  K'  100).  Substituting  tliis  value 
for  Fin  the  second  member  of  [185],  we  obtain 

F(l  +  A"100)=  F{l+^'100)-fw{14-^[100  — i]); 

which  gives,  for  the  coef&cient  of  expansion  of  gas  under  constant  pres- 
sure, the  value 

^=rooTF-.H-n."  !^^^^-] 

Second  Method.  In  order  to  determine  the  coefficient  of  ex- 
pansion by  the  second  method,  -we  arrange  the  apparatus  exactly 
as  before,  so  that  the  mercury  stands  at  the  same  level  (a,  Pig. 
387)  in  both  tubes  of  the  manometer  when  the  globe  is  sur- 
rounded by  ice.  We  tlien,  as  before,  raise  the  temperature  of 
the  globe  to  100° ;  but  instead  of  allowing  the  gas  to  expand  into 
tlie  tube  daa,-v!Q  pour  mercury  into  the  tube  ^  y,  in  order  to 
balance  the  increased  tension  of  the  gaa  and  retain  the  vohime 
constant.  Lastly,  we  carefully  measure,  by  means  of  a  cathe- 
tometer,  the  difference  of  height  (a,  y)  of  the  mercury  coliunns 
in  the  two  tubes  of  tlie  manometer  ;  and,  having  observed  the 
temperature  of  the  apparatus,  reduce  the  observed  height  to 
what  it  would  have  been  at  0°.  Represent  this  height  by  /*„. 
Kinowing  now  the  volume  of  the  globe  at  0°  (  F),  the  height  of 
the  barometer  at  the  time  of  the  experiment  (Hu),  and  the  co- 
efficient of  expansion  of  glass  (.ff'),  wc  have  all  the  data  required 
for  calculating  the  coefficient  of  expansion  of  air. 

When  file  globe  was  at  0°,  the  gas  was  exposed  to  the  pressure  of  the 
atmosphere,  or  H,, ;  but  after  the  globe  had  been  heated  to  100°,  the  pres- 
sure required  to  retain  the  volume  of  the  gas  the  same  as  before  was 
Ha-\-hi.  We  can  now  easily  calculate  from  Mariotte's  law  [98]  what 
would  be  the  volume  of  this  gas  if  exposed  only  to  the  pressure  of  the 
atmtKphere ;  in  other  words,  if  allowed  to  expand  freely.  It  will  be  found 
to  be 

V  =  F^°-+*-".  [187.] 

But  by  [166]  the  increased  volume  of  the  gas  at  100°,  or  V',  is  also  equal 
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tor(l  +  A"100),sothatK(l  +  Jn00)=  V^^-^.      We   must 

remember,  Lowever,  lliat  although  the  volume  of  the  gas  has  been  appar- 
ently kept  constant  during  ilie  expeiiment,  it  has  not  been  so  in  reality, 
owing  to  the  expansion  of  the  glass  globe.  In  consequence  of  this  expan- 
sion, the  volume  of  the  globe  at  100°  is  F(l  +  K'  100)  ;  and  this  value 
should  evidently  be  substituted  for  V  in  the  second  member  of  the  last 
equation.     Making  this  subatltuliou,  we  obtain 


1-f  A"10O  =  ([+-ff'10O) 


-^-f^ 
K 


In  this  example,  as  in  the  last,  we  have  assumed  that  the  pressure  of 
the  atmosphere  was  constant  during  the  experiment.  "When  this  is  not 
tlie  case,  certain  obvious  changes  must  be  made  in  the  formuUe.  More- 
over, in  the  practical  application  of  tliese  methods,  certain  precautions 
must  be  taken,  which  wiU  be  found  described  at  length  in  Eegnault's 
original  memoir*  on  the  subject,  as  well  as  the  peculiar  modifications  of 
the  apparatus  best  adapted  for  each  method. 

(262.)  General  Results  — Eegiiault  found  that  the  two  meth- 
ods just  described  for  determining  the  coefficient  of  expansion  of 
gases  yielded  slightly  diiferent  results.  This  will  be  seen  by  re- 
curring to  the  table  on  page  520  The  first  column  gives  the 
coefficient  as  determined  from  tlie  increased  elasticity,  the  volume 
remaining  constant.  The  second  column  gives  the  coefficient  as 
determined  from  the  increased  volume,  the  pressure  remaining 
constant.  It  will  be  noticed  that  the  difference  between  the 
two  results,  although  very  small  with  the  permanent  gi^es,  is 
quite  large  with  those  that  can  be  easily  reduced  to  the  liquid 
state ;  and  it  will  be  remembered  that  it  is  tliese  very  gases  which 
yield  most  readily  to  compression,  and  hence  deviate  most  mark- 
edly from  the  law  of  Mariotte.  Moreover,  the  fact  that,  with  the 
exception  of  hydrogen,  the  coefficients  imder  constant  volume 
are  less  than  those  under  constant  pressure,  is  eai 
In  the  method  employed,  the  gases  are  exposed  to  a  f 
pressure  at  100°  than  at  0".  By  this  pressure  they  are  con- 
densed more  than  we  assumed  by  applying  the  law  of  Mariotte 
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iu  our  calculation  as  if  it  were  exact,  and  consequently  the  effect 
of  the  increased  temperature  is  really  greater  Hian  appears.  In 
oilier  words,  the  mercury-column  h  measures,  not  simply  the 
increased  tension  of  the  gas  caused  by  the  increased  temperature, 
but  the  difference  between  the  increased  tension  and  the  in- 
creased compressibility.  In  the  case  of  hydrogen,  which,  unlike 
all  other  gases,  is  compressed  less  than  the  law  of  Mariotte  re- 
quires, the  variation  is  in  the  opposite  direction.  (Compare 
page  296.) 

Regnault  also  discovered,  what  indeed  might  be  inferred  from 
the  facts  already  stated,  that  the  coeificients  of  expansion  of  all 
gases  except  hydrogen  increase  with  the  pressxire  to  which  they 
are  exposed.  The  greater  the  pressure  on  a  mass  of  gas,  and 
hence  the  greater  its  density,  the  greater  is  the  amount  of  its 
expansion  for  the  same  difference  of  temperature ;  and,  on  the 
other  hand,  tlie  less  the  pressure  and  density,  the  smaller  the 
amount  of  expansion.  The  coefficient  of  expansion  m  any  case 
increases  with  the  pressure  in  proportion  as  tlie  compressibility 
of  the  gas  deviates  from  tlie  law  of  Mai-iotte,  and  hence  the  dif- 
ferences between  the  coefRcients  of  different  gases  are  the  more 
decided  the  greater  the  pressure  to  which  the  gases  are  exposed. 
On  the  other  hand,  as  the  pressure  diminishes,  the  coefiicients  of 
expansion  of  different  gases  approach  equality ;  and  it  is  probable, 
therefore,  that  all  gases  in  the  state  of  extreme  expansion  would 
have  the  same  coefficient.     (Compare  page  297.) 

It  appears,  therefore,  that  all  gases  have  the  same  coefficient  of 
expansion,  in  so  far  as  they  obey  the  law  of  Mariotte.  In  the 
case  of  those  gases  which  have  not  been  liquefied,  and  wMch  con- 
form very  closely  to  Mariotte's  law,  the  coefficients  of  expansion 
under  the  pressure  of  the  atmosphere  are  sensibly  equal,  and 
even  in  the  case  of  the  condensible  gases  the  differences  are 
very  small,  amounting  in  no  case  to  more  than  ttiree  units  in  the 
fourth  decimal  figiu-e.  We  may  therefore  say  that  the  coeffi- 
cient of  expansion  of  all  gases  under  the  pressure  of  the  atmos- 
phere is  equal  to  0.0036,  within  three  ten-thousandths. 

(263.)  Air-Thermometer.  —  We  have  seen  that  the  defects 
of  the  mercury-thermometer  arise  from  two  causes  ;  first,  the 
slowly  increasing  rate  of  expansion  of  mercury  ^  the  tempera- 
ture rises,  and,  secondly,  the  irregular  and  uncertain  expansion 
of  the  glass  bulb.  Both  of  these  defects  may  be  avoided  by  using 
45* 
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air  as  tbo  thermometric  material :  tlie  first,  because  the  expan- 
sion of  air  is  exactly  proportional  to  the  temperature ;  and  the 
second,  because  the  expansion  of  air  is  so  much  greater  than  that 
of  glass  that  the  irregularities  in  the  expansion,  of  the  latter 
may  be  overlooked.  It  is,  however,  by  no  means  so  easy  to  meas- 
ure the  volume  of  a  gas  as  that  of  a  liquid.  The  volume  of  a 
liquid  is  not  affected  by  the  changing  pressure  of  the  atmos- 
phere, while  that  of  a  gas  is  ;  so  that  wliile  a  small  increase  in 
tlie  volume  of  a  quantity  of  mercury  enclosed  in  a  common  ther- 
mometer can  be  measured  by  the  mere  inspection  of  the  divis- 
ions on  the  stem,  the  amount  of  expansion  of  a  quantity  of  air 
confined  m  a  glass  bulb,  although  much  larger,  can  only  be 
determined  with  certainty  by  a  tedious  process,  occupying  sev- 
eral hours.  Thus,  although  with  an  air-thermometer  we  can 
measure  temperatures  with  accuracy  to  the  hundredth  of  a  Centi- 
grade degree,  yet  it  requires  a  day  to  make  a  single  observation. 
The  air-thermometer  is,  therefore,  of  no  use,  except  in  the  few 
cases  which  require  the  very  highest  degree  of  scientific  precision. 
In  such  cases  it  is  an  invaluable  instrument ;  but  even  then,  as 
in  all  otlier  scientific  measurements,  the  greatest  attainable  accu- 
racy can  only  be  gained  at  the  cost  of  time,  labor,  and  skill. 


(264.)  Renault's  Air-Thermometer.  —  The  air-thermometer, 
which  is  used  only  in  delicate  measurements  of  temperature,  is 
represented  in  Figs.  388  and  389.  It  consists  of  a  cylindrical 
r  of  glass,  B,  opening  into  a  capillary  tube  bent  at  right 
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angl(  s  m  1  ill  awn  oat  to  i  fine  ]  mut      In  oi  dcr  to  estimati„  tPm 

jeiifmebWitb  tliib  in^tiumtnt,  it  i?  hi  t  filled  bj   means  of  an 

air  pump  and  drynig  tulje&,  as  '^hown  in  Fig  SUfi,  with  perfectly 

diy  an,  and  then  exjosed  to  the  temperatuie  to  he  mfismed, 

whiuh  we  will  call  T"      When  in  eqmlibiram  of  temperature 

has  been  established  between  the  theimometei  and  the  heated 

Bubstuiie,  the  tine    opening    is  closed 

with  a  blowpipe,  ind  at  the  same  time 

the  height  of  the  barometei   is   noted, 

whit-h  we  will  call  B^     The  an  m  tliL 

thermometei   is   now  expanded   to   th 

extent  correspnndmg  to  T°,  and  the  nest 

step  IS  to  i^CPrtain  the  amount  of  tins 

expansion,  since  we  can  easily  calculate 

from  this  the  tempeiature  T°      For  tins 

purpose,  we  ph  e  the  thennomet  r  upon 

tlie  metalUc  support  represented  in  Fig, 

389.     The  reservoir  of  the  thermometer 

rests  upon  three  brass  knobs,  and  is  kept 

in  its  place  by  means  of  a  buiding  screw. 

The   tube    of   the    thermometer   passes 

through   a  hole   in   the   centre   of   the 

brass  stage  A,  and  tlie  end  dips  under  Hg.3S9. 

mercury  contained  ui  the  glass  dish  C. 

The  bent  end  of  the  tube  is  adjusted  opposite  to  an  iron  spoon,  a, 
filled  with  wax,  which  can  be  pushed  forward  on  its  support,  s, 
)SQ  the  end  of  the  tube  while  under  mercury,  when 
■y.  These  adjustments  having  been  completed,  the  tip 
end  of  tiie  tube  is  broken  off  with  a  pair  of  pliers,  when  the 
mercury  immediately  rushes  up  into  the  thermometer  and  par- 
tially fills  it.  The  thermometer  is  nest  surrounded  with  pulver- 
ized ice,  wliich  is  piled  up  on  the  stage,  G ;  and  when  the  air  in 
the  reservoir  has  fallen  to  0°,  the  end  of  the  tube  a  is  carefully 
plugged  up  by  means  of  the  wax  in  the  iron  spoon,  and  at  the 
same  time  the  height  of  the  barometer  (H'')  is  carefully  noted. 
The  ice  is  now  removed,  and  when  the  temperature  of  the  mei^ 
cury  in  the  thermometer  has  been  restored  to  that  of  the  air,  the 
height  of  the  mercury  in  the  thermometer  above  that  in  the 
reservoir  is  carefully  measured.  We  will  call  it  h ;  and  hence 
the  air  m  the  thermometer,  at  the  moment  the  tube  was  plugged 


i  to 
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with  wax,  must  have  been  exposed,  to  the  pressure  of  H'  —  h. 
This  measurement  is  easily  made  by  means  of  a  catbetometer 
and  the  screw  g,  in  the  manner  previously  explained  in  connec- 
tion -with  Regnault's  barometer  (159). 

It  is  next  necessary,  in  order  to  determine  the  temperature  to  which 
the  thermometer  has  been  exposed,  to  ascei-fain,  first,  the  volume  of  air 
remajning  in  the  thermometer  after  contraction,  and,  secondly,  the  volume 
originally  contained  in  it.  For  this  purpose,  the  thermometer  is  removed 
fi^m  its  support  and  weighed ;  call  this  weight  W.  The  thermometer  is 
then  filled  completely  with  mercury  at  0°  and  weighed;  call  this  second 
weight  W.  Lastly,  it  is  completely  emptied,  and  the  glass  weighed  by 
itself;  call  this  last  weight  w.  We  have  now  all  the  data  for  calculating 
the  amount  of  expansion  of  the  air,  and  consequently  the  temperature 
required.  Before  commencing  the  calculation,  we  must  reduce  the  ob- 
served heights  of  the  barometer  (ff  and  If')  and  mercury-column  (A)  to 
0°  by  the  method  given  in  (251).  We  will  call  these  corrected  heights 
Ifs,  H'a  h-a-     We  can  then  readily  calculate  the  following  quantities. 

W  —  w  ^  weight  of  mercury  which  fills  the  thermometer  at  0°. 

—  ;^=  capacity  of  thermometer  at  0°  when  3  ^=  iS^,  Gr.  of  mercury, 

■ — ■""  (1  -\-K'  T)^  capacity  of  thermometer  at  T°,  when  K'  ;=  co- 
efficient of  expansion  of  glass. 

W  —  w  ^  weight  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperature  of  the  thermometer  being  U°, 

— — . =13  volume  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperafui'e  of  the  thermometer  bemg  0°. 

— _- — —  rz:  volume  of  air  in  the  thermometer  at  the  moment  of  plugging 
with  wax,  exposed  to  a  pre'*sure  H'a  — -  K  and  fo  a  tem- 
perature of  0°. 


andO^ 


~g —  _  volume  which  same  air  would  have  under  76  cm. 


-— -  ■  — "„  ■■-  (l-\-KT)  =^  volume  which  same  air  would  have 

°  under  ^c.m.  and  T°. 

By  the  conditions  of  the  problem,  this  volume  of  sur  just  filled  the  ther- 
mometer at  T°  and  under  barometric  pressure  //o;  hence 


-W    IP, 

ty  of  thermometer 


{l-{-KT)=    "  J""'  (1  +  K>  T)  =  the  capaci- 
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[189.] 

167;    [190.] 

[191.] 

By  means  of  [189]  and  [190]  we  can  easily  calculate  the  temperature 
from  the  experimental  data.  The  coefficient  of  expansion  of  glass  is  the 
only  uncertain  element  which  enters  into  the  calculation.  "When  the  ther- 
mometers are  made  of  the  common  crown-glass  of  Paris,  the  coefficients 
of  expansion  may  be  taken  from  the  table  on  page  489,  estimating  roughly 
the  required  temperature,  as  can  easily  be  done  by  means  of  a  common 
mercury-thermometer.  When,  however,  such  thermometers  cannot  be 
obtained,  it  is  best  to  have  a  number  made  from  the  same  pot  of  glass, 
and  ascertain  carefully  the  coefficient  of  expansion  of  this  glass  between 
0°  and  every  fifty  degrees  up  to  350°.  These  coefficients  can  afterwards 
be  used  in  all  experiments  with  the  same  set  of  thermometers. 

(265.)  By  substituting  T  for  100,  we  can  easily  obtain  from 
[186]  and  [188] ,  by  transposition,  tlie  value  of  2*  in  terms  of  the 
coefficient  of  expansion  of  air;  and  since  tliis  coefficient  is  accu- 
rately known,  eitlier  of  the  methods  of  (261)  may  be  used  for 
determining  temperature.  The  form  whicli  has  been  given  by 
Regnault  to  the  manometric  apparatus,  when  used  for  tliis  pur- 
pose, has  already  been  represented  in  Fig.  273.  The  glass  tube 
ab  c,  which  serves  as  an  air-thermometer,  is  closed  by  a  stopcock 
r,  and  can  he  connected  to  the  manometer  by  a  brass  collar  of 
peculiar  construction,  as  before  described  (see  Pigs.  274  and  275). 
The  air-thermometer  having  been  exposed  to  the  temperature  to 
be  meastired,  the  stopcock  r  having  been  closed  at  the  moment  of 
observation,  and  tlie  height  of  the  barometer  noted,  we  can  easily 
determine  the  temperature  in  the  following  way. 

In  the  first  place,  mercury  is  ponred  into  the  manometer  at  E  until  the 
tube  h  gf  is  completely  filled,  and  when  the  mercury  begins  to  drop  from 
the  open,  end  at/,  the  air-thermometer  is  connected.  The  thermometer  is 
now  smrounded  with  melting  ice  in  order  to  reduce  its  temperature  to  0°, 
and  before  the  stopcock  r  is  opened,  a  quantity  of  mercury  is  drawn  out  of 
the  manometer  at  ^,  in  order  to  make  a  great  difference  of  level  between 
the  two  columns.  On  opening  the  stopcock  r,  a  portion  of  the  air  in 
the  thermometer  passes  into  the  tube  gh;  and  mercury  must  be  again 
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poured  into  the  tube  k  i,  until  the  surfaee  of  the  ailumn  in  the  tube  g  h 
coincides  exactly  with  a  mark,  a,  on  the  side  of  the  tube.  The  determi- 
nation is  then  completed  by  measuring  with  a  cathetometer  the  difference 
of  level  of  the  two  mercury-columns,  noting  the  temperature  of  the  ma- 
nometer by  means  of  the  tliermometer  t,  and  observing  the  height  of  the 
barometer.  We  have  now  the  following  data  for  calculation,  the  heights 
of  the  mercury-columns  having  been  reduced  to  0"  :  — 

JI\  =  height  of  barometer  at  the  moment  of  observing  the  temperature. 
H^  ^  height  of  barometer  at  the  moment  of  measuring  the  difference  of 

level. 
/(„    :=;  difference  of  level  as  measured  by  the  cathetometei-. 

Y  ^  capacity  of  wr-thermometer  at  0°. 

V  =  capacity  of  manometer-tube  between/  and  the  mark  o. 

t     ^  temperature  of  the  manometer  at  the  time  of  the  experiment. 

T    =  required  temperature  to  which  the  thermometer  was  exposed. 

K    =  coefficient  of  expansion  of  glass. 

0,00367  =  coefficient  of  expansion  of  air. 

0.0012921  gram.  =  weight  of  one  cubic  centimetre  of  air  at  0°  and  76  cm. 

The  volume  of  air  in  the  air-thermometer  and  in  the  manometer-tube, 
when  the  value  h,,  was  measured,  was  evidently  V-\-  v  ;  the  portion  V  at 
the  temperature  of  0°,  the  portion  v  at  f,  and  the  whole  under  a  pres- 
sure H^ — ha  [106].  Reducing  by  [166]  the  volume  v  to  what  it  would 
be  at  0',  and  reducing  by  [107]  the  sum  of  the  volumes  at  0°  to  what 
this  total  volume  would  be  under  the  normal  pressure  of  the  atmosphere, 
we  easily  obtain  for  the  weight  of  this  mass  of  air, 

0.001«1  [f+,  j-+-(,WJ  -7y"'- 

But  we  know  that  this  same  mass  of  air  at  the  temperature  T  (that  is, 
at  the  moment  of  closing  the  stopcock  ?■),  and  under  the  pressure  H'^  (the 
height  of  the  barometer  at  the  time),  occupied  just  the  volume  of  the  Mr- 
thermometer  at  that  temperature,  or  V  (1  -|— ^^  2").  Reducing  this  volume 
to  what  it  would  be  at  0°  and  76  c.  m.,  and  multiplying  this  reduced 
volume  by  the  weight  of  one  cubic  centimetre  of  ^r,  we  obtain  a  second 
expression  for  the  weight  of  the  given  mass  of  air,  which,  in  the  following 
L,  is  put  equal  to  the  first : — 


i+iiri'    H^_„„„„„„  fi,^, 1 Iffiz-A 

l--|-^).0036r.r    7 

r  reducing 

1  +  0,00367.2"" 


O.OOimiF,_^Xor.;rw  =  ''-°''™''r+'' 

b  +  -V  ■   iT<roW.T7,l  '^-     P»] 
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All  the  tci-iBS  of  the  second  memlier  of  fMs  equation  are  known  quantities 
except  Fand  v,  and  these  can  easily  be  obtained  in  the  following  way. 

In  the  first  place,  we  fill  the  manometer-tube  with  mercury,  as  before,  and 
then  slowly,  by  the  stopcock  R,  draw  off  the  mercury  into  a  tared  vessel 
until  the  sui-face  of  the  column  coincides  with  the  mark  a.  The  weight 
of  this  mercury  divided  by  its  specific  gravity  [66]  is  equal  to  v.  "We 
then  attach  the  air-thermometer  (the  stopcock  r  being  open),  and  observe 
the  height  of  the  barometer,  ff^  Since  the  mercury  is  at  the  same  level 
in  both  tubes  of  the  manometer,  the  confined  volume  of  air  (  ¥-{-  v)  is  of 
course  exposed  to  the  pressure  ff,.  We  next  draw  off  more  mercury 
at  -ffi  until  the  the  level  of  the  column  in  the  tube  /iff  sinks  to  a  second 
mark,  -g.  The  weight  of  this  mass  of  mercury  divided  by  its  spedfic 
gravity  gives  the  volume  of  the  tube  between  «  and  #,  which  we  will  call 
v'.  Lastly,  we  measure  the  difference  of  level  of  the  mercury-columns  in 
the  two  tubes  of  the  manometei',  which  we  will  call  A^.  At  this  moment 
the  volume  of  the  confined  air  is  V-\-  v  +  v',  and,  assuming  that  the 
height  of  the  barometer  has  not  changed  during  the  short  interval  occu- 
pied by  the  experiment,  this  volume  is  exposed  to  the  pi-essure  Jt,  —  fia- 
The  values  T+i-and  V-\-v-\-v'  are  then  the  volumes  of  the  same 
mass  of  air  under  the  pressures  B„  and  B„ — /io  respectively.  Hence, 
by  [98], 


[193.] 


and  from  this  equation  we  can  easily  deduce  the  value  of  V,  since  all  the 
other  terms  are  known. 

(266.)  Air-Pyrometer.  — '&y  substituting  for  the  glass  ther- 
mometer (a  b  c.  Fig.  273)  a  tliermometer  made  of  some  refrac- 
tory substance,  the  apparatus  described  in  the  last  section  may  be 
used  for  measuring  very  high  temperatures.  Pouillet*  employed 
for  the  purpose  a  small  globe  of  platinum  at  the  end  of  a  long 
and  narrow  tube  of  the  same  metal;  but  a  thermometer  made  of 
porcelain,  as  proposed  by  Eegnault,  would  be  less  expensive,  and 
even  better  adapted  to  the  purpose.  In  the  use  of  platinum 
there  is  a  liability  to  error  arising  from  its  power  of  condensii^ 
gases  on  its  surface  at  the  ordinary  temperature. 

(267.)  The  True  Temperature.  —It  is  generally  admitted  that 
the  expansion  of  a  given  mass  of  air  under  constant  pressure  is 
Y  proportional  to  the  quantity  of  heat  it  receives.     If  so, 

*  Comptcs  Eendus,  Tom,  III.  p,  782. 
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the  temperatures  giYen  by  the  air4hermometcr  are  the  true  tem- 
peratures ;  but  although  this  assumption  is  highly  probable,  it  is 
impossible,  in  the  present  state  of  our  knowledge,  fully  to  establish 
its  trutli  by  experimental  proof.  Nevertheless,  the  temperatures 
given  by  the  air-thermometer  ai'e  the  nearest  approach  we  can 
at  present  make  to  the  true  temperature,  and  it  is  important 
in  all  scientific  investigations  to  substitiite  for  tlie  indications  of 
a  mercury-thermometer  tlie  corresponding  temperatures  of  the 
air-thermometer.  When  we  know  the  nature  of  the  glass  of  the 
mercury-thermometer,  wo  can  readily  make  the  reduction  by 
means  of  Regnault's  table  on  page  435 ;  but  since  the  expansion 
of  glass  is  always  more  or  less  uncertain,  it  is  always  best  to  use 
the  air-thermometer  in  observing  high  temperatures  if  great  accu- 
racy is  required. 

(268.)  Effects  and  Applications  of  the  Expansion  of  Air.  — 
One  of  the  simplest  effects  of  the  expansion  of  air  is  seen  m  the 
action  of  a  stove  on  the  air  of  a  room.  The  particles  of  air  in 
contact  with  the  heated  iron  are  expanded,  and,  becoming  thus 
specifically  lighter,  rise  and  give  place  to  the  colder  particles 
which  flow  in  from  below.  Thus  a  circulation  is  established 
by  which  all  the  air  in  the  room  is  finally  brought  iu  contact 
with  the  source  of  heat  and  warmed.  Were  the  air  visible,  the 
heated  air  woiild  be  seen  to  rise  from  the  stove,  spread  itself 
over  ilie  ceiling,  descend  along  the  walls,  and  flow  back  over  the 
floor  to  tlie  stove.  In  like  mamier,  every  furnace-flue,  gas-light, 
or  candle,  and  every  human  body,  would  be  seen  to  be  the  centi-e 
of  an  ascending  column  of  heated  air ;  indeed,  such  ib  tlio  perfect 
freedom  of  motion  in  air,  that  a  smgle  lighted  candle  will  set  m 
motion  tlie  whole  atmosphere  of  a  quiet  apartment.  Similar  cur- 
rents are  established  whenever  a  door  is  opened  by  which  a  waim 
room  is  connected  with  a  cold  entry.  The  heatod  and  lighter 
air  pours  out  from  the  room  at  the  top  of  tlie  door,  while  tlio 
colder  air  flows  in  over  the  door-sill.  The  flame  of  a  lighted 
candle  may  be  used  (as  represented  in  Pig.  390)  to  detect  the 
direction  of  the  currents.  A  current  of  air  may  always  be 
noticed  flowing  towards  the  sunny  side  of  a  building,  which 
supplies  the  cun-ent  rising  along  the  heated  wall.  But  by  far 
the  grandest  exhibition  of  this  aeriform  circulation  is  the  trade- 
winds.  These  are  caused  by  the  unequal  action  of  the  sun  on 
different   parts   of   the   earth's   surface.      At   the   equator,   the 
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strongly  heated  air  rises,  and  its  place  is  supplied  by  colder  air, 
which  flows  in  on  both  sides  from  tlie  temperate  zones ;  thus 
currents  are  established  which  would  blow  directly  uortli  and 
south,  were  it  not  tliat  the  rota- 
tion of  the  globe  causes  them  to 
deviate  from  this  direction,  wliilo 
other  and  local  causes  come  in  to 
produce  the  irregularities  which 
are  observed. 

The  effect  of  a  glass  chimney 
on  the  flame  of  a  candle  is  an- 
other illustration  of  the  action  of 
heat  in  expanding  air.  By  the 
chimney,  the  heat  generated  by 
the  burning  combustible  is  con- 
fined within  the  glass  walls,  and 
consequeiitly  the  air  surround- 
ing the  flame  becomes  more  in-  ris  sno 
tensely  heated  than  it  would  be 

without  the  chimney.  Moreover,  the  heated  air  is  also  confined 
by  tlie  walls  of  the  chimney,  and  prevented  from  mixing  with  the 
atmosphere,  thus  formuig  a  column  of  heated  air  whose  height  is 
equal  to  the  height  of  the  chimney.  This  column  of  air  will  evi- 
dently be  buoyed  up  by  a  force  equal  to  the  difference  between 
the  pressure  of  the  air  at  the  bottom  and  at  the  top  of  the  cylin- 
der, and  this  force  has  been  shown  (136  and  155)  to  be  equal  to 
the  weight  of  a  column  of  the  exterior  cold  air  of  the  same  area 
and  height.  Hence  the  heated  air  will  rise,  for  the  same  reason 
that  a  balloon  rises,  and  with  a  velocity  proportionate  to  the  ex- 
cess of  the  buoyancy  over  its  own  weight.  The  quantity  of  air 
passing  through  such  a  chimney  in  a  given  time  can  readily  be 
calculated,  when  the  area  of  the  section  of  the  chimney,  and  the 
difference  of  temperature  between  the  inner  and  exterior  air,  are 
known. 

The  draught  of  an  ordinary  brick  flue  is  caused  in  the  same 
■way  as  that  in  tlie  glass  chimney  of  a  lamp.  The  weight  of  the 
column  of  heated  gas  CD  (Fig.  391)  is  less  than  that  of  the 
column  of  exterior  air  A  B,  and  hence  there  results  an  excess  of 
upward  pressure  which  forces  the  products  of  combustion  up  the 
cliimney  the  more  rapidly  the  greater  the  difference  of  weight 
46 
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between  the  two  masses  of  gas      A  good  diau^ht  depends  on  tlie 

foUowing  obviou-s  conditions  —1  The  =iize  ot  the  flue  should  be 
proportional  to  the  amount  of  gas  it  is 
lequued  to  caiiy ,  for  if  too  large, 
cold  currents  may  descend  in  the 
aDf^les  ot  the  fine,  while  a  heated  one 
a&cendu  m  the  axif.  2.  The  height 
of  the  chimney  should  be  as  great  as 
possible  ,  foi  the  greater  the  height, 
the  gieatei  will  be  the  excess  of  the 
up^aid  pressure  on  which  the  draught 
depends  3  The  room  with  which 
the  fluo  connects  should  not  be  so 
tight  thit  air  eamiot  entei  as  fast  as 
it  escipes  by  the  cbimupy.  4.  Any 
diiect  communication  between  sepa- 
late  flues  m  adioinmg  lOoms  should 

he  avoided,  because,  if  one  flue  diawf,  better  thin  the  other,  a 

downward  cuirent  may  be  established  in  the  last 

Still  anotliei  application  of  the  ascensional  force  of  heated  air 

IS  to  be  seen  m  the  hot-air  furnaces  which  ire  so  universally  used 

m  tins  country  foi  heating  bufldmgs      They 

usually  consi-it  of  a  buck  chamber  placed  m 

the  cellar,  connected  by  the  co/d  air  box  with 

the  extPnoi   in,  and  communicating  by  tm 

tiil)ps  with  the   difleient   apartments    above 

The  interior  of  this  buck  chambei  is  neaily 

hlled  with  a  luge  cait  iron  stove,  constiucted 

of  various  patterns,  so  as  to  expose  a  large 

heating   surface   to   the   air   surrounding  it. 

This  heated  air  ascends,  in  vktue  of  its  buoy- 
ancy, through  the  tin  conducting-tnbes,  and 

cold  air  is  pressed  in  from  the  outside  of  the  building  to  supply 

its  place.     A  furnace  of  this  kind  (Chilson's)  is  represented  in 

Fig.  892,  and  the  arrows  indicate  the  du-ection  of  the  currents 

of  air. 

The  ascensional  force  of  heated  air  is  not  only  applied  in 

warming  buildings,  but  it  is  also  used   for  producing  ventila- 
tion.     One  of  the  best   arrangements   for  the  purpose,  which 

may  be  used  with  great  efficiency  in  connection  with  a  hot-air 
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furnace,  is  represented  in  Fig.  393.  The  smoke-flue  of  the  fur- 
nace, formed  by  a  cast-iron  pipe  A,  rises  in  the  centre  of  a 
large  brick  shaft  B,  with  which  the  different  rooms 
of  the  building  connect.  The  radiant  heat  of  this 
iron  flue  heats  the  air  in  the  shaft,  and  thus  causes 
a  powerful  ascending  current,  which  draws  in  the 
foul  ail-  from  the  room  at  the  openings  J)  and  D  ; 
while  at  the  same  time  fresh  air  enters  the  roura 
from  the  furnace  to  take  the  place  of  that  which 
is  thus  removed. 

It  is  evident,  from  what  has  already  been 
stated,  that  a  lump  of  ice  sustained  near  the  top 
of  a  room  would  cause  a  descending  current  of 
air,  and  thus  give  rise  to  a  circulation  in  the  at- 
mosphere of  the  apartment  similar  to  that  ]iro- 
duced  by  a  stove.  This  principle  has  been  applied 
in  the  construction  of  refrigerators  for  preserving 
food  in  warm  weather.  One  of  these  (Winship'sJ 
is  represented  in  Pigs.  394  and  395.  The  ice  is 
sustamed  upon  a  shelf  (D  D)  in  the  upper  part 
of  a  chest,  the  hollow  walls  of  which  are  filled 
with  puhenzed  chaicoil  t  very  poor  conductor  of  heat.  The 
in  enters  it  a  legi'iter  (C)  and,  coming  in  contact  with  the 
ice,  IS  cooled  and  falls  to  the  bottom  of  the  chest,  where  it  finds 


egress  at  E  between  the  hollow  walls,  and  finally  escapes  at  F. 
In  this  way  a  gentle  current  of  cold  air  is  steadily  maintained 
as  long  as  the  ice  lasts. 
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llj^ansion  of  Solids. 
A.  bar  of  iron  one  metre  long  at  0"  is  heated  to  15"  ;  wliat  ia  tlie 
d length  of  the  bar? 

312.  A  bar  of  railway  iron  is  3.425  metres  long  at  20"  ;  what  would 
be  its  length  at  — 10°  ? 

313.  Iq  laying  the  iron  rails  of  a  railroad,  it  is  necessary  to  make  an 
allowance  for  the  expansion  of  the  metal  by  heat.  How  much  allowance 
is  necessary  on  a  distance  of  100  kilometres  ?  How  much  on  a,  distance 
of  20  English  miles,  assuming  that  the  road  is  laid  at  a  temperature  of 
5°,  and  that  it  is  liable  to  be  exposed  to  a  temperature  of  20°  ? 

314.  The  length  of  one  of  the  tubes  of  the  Britannia  Bridge  over  the 
Menai  Strait  is  1,510  feet  1^  inches  at  0°;  what  would  be  its  length  at 
20'?     Determine  also  the  difference  of  length  between  — 10°  and  15". 

315.  A  bar  of  metal  is  3.930  m.  bag  at  0°  and  3.951  m.  long  at  the 
temperature  of  83°.     Calculate  the  coefficient  of  expansion. 

316.  A  bar  7  m.  long  made  of  a  metal  whose  coefficient  of  expansion  is 
^•^  increases  in  length  from  the  same  increase  of  temperature  as  much 
as  a  bar  made  of  another  metal  9  m.  long.  Eequired  the  coefficient  of 
expaasion  of  the  second  metal. 

317.  A  platraum  bar  2  m.  in  length  is  divided  at  one  of  its  extremities 
iuto  fourths  of  a  milhraetie ;  a  copper  bar  1.950  m,  long  placed  over  the 
first  at  0°  diffei-3  trom  it  m  length  0.050  m.,  or  200  of  the  divisions  on 
the  platinum  bar.  Eequned  the  temperature  of  the  two  bai-s  at  which 
the  difference  would  be  eiiual  to  164  divisions  on  the  platinum  bar. 

318.  A  pendulum  made  of  brass  vibrates  seconds  at  0°  C.  How  many 
seconds  would  it  lose  each  day  if  the  temperature  were  20°. 

319.  It  is  required  to  make  a  compensating  pendulum  of  st«el  and 
brass  rods,  whose  constant  length  shall  be  0.50  m.  What  disposition  must 
be  given  to  these  rods,  and  what  must  be  their  lengths,  in  order  to  effect 
the  compensation  ? 

320.  A  brass  tube  is  5.436  m.  long  at  20".     How  long  will  it  be  at  0°? 

321.  A  plate  of  sheet-iron  has  at  0"  a  superficial  ai'ea  of  560  cTin.^. 
Required  its  area  at  15", 

322.  The  iron  tire  of  a  wheel  is  1.123  m.  in  diameter  at  a  red  heat 
(1,200°).     What  will  be  its  diameter-  when  cooled  to  10'  ? 

323.  An  iron  ball  has  a  diameter  of  15  cm.  at  0'.  What  will  be  its 
cubic  contents  at  100°? 

324.  A  glass  cylinder  has  a  capacity  of  100  ZTm."  at  15°.  What  will  be 
its  capacity  at  150°  ? 

325.  With  what  force  docs  a  bar  of  copper  expand,  the  area  of  whose 
section  equals  1  ^^m.',  if  heated  from  0°  to  15°  ? 
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320.  The  specific  gravity  of  a  solid  at  5°  was  found  to  be  7.788 ;  at 
20°  it  was  found  to  be  7.784.  Required  the  coeffioient  of  expansion  of 
tlic  solid. 

Expansion  of  Liquids. 

327.  The  heigiit  of  the  mercury-columQ  in  the  tube  A,  Fig.  379,  was 
found  to  be  64  e.  m.  The  difference  of  level  of  the  two  columns  A  and 
Ji  was  found  by  measurement  to  be  0.979  c.  m.  Required  the  coefficient 
of  absolute  expansion  of  mercury,  knowing  that  the  temperature  A  was  0°, 
and  that  of  B  100=. 

328.  Eeduce  the  following  heights  of  tie  barometer  observed  at  the 
annexed  temperatures  to  0°  :  — 


Calculate  the  reduced  height,  first,  on  the  assumption  that  the  scale  is  in- 
expansible  ;  secondly,  on  the  assumption  that  the  height  is  measured  with 
a  brass  calhetomefer  graduated  at  0° ;  thirdly,  that  it  is  measured  on  a 
glaaa  scale  also  graduated  at  0°. 

329.  Reduce  the  following  barometric  observations  made  at  8°  to  the 
temperatures   indicated,  making  the   same   assumptions  as  in  the  last 


530.  A  glass  cylinder  4  c.  m.  in  diameter  is  filled  at  0°  to  the  height  of 
0.5  m,  with  mercury.  How  high  is  the  centre  of  gravity  at  0°,  and  how 
high  at  30°  over  the  base  of  the  cylinder  ? 

531.  Required  the  volumes  of  the  following  liquids  at  the  temperatures 
indicated,  knowing  that  the  volume  at  0°  is  iu  each  ease  100  cTm,^  :  — 

Alcohol,     .       .       .    (=20''.        I       Oil  of  Turpentine,    .    ( =  lOO". 
Ether,      .        .        .        ( =  15".         j        Water,   ,        .        .        (  =    ,'iO°. 

332.  Prepare  a  table  giving  the  volume  of  water  for  each  ten  degrees 
from  0°  to  100°,  the  volume  at  0°  being  taken  as  unity. 

333.  Construct  the  curves  of  expansion  of  alcohol,  ether,  and  oil  of  tur- 
pentine from  the  equations  on  page  518. 

334.  Construct  a  curve  of  expansion  for  water  corresponding  to  each 
equation  on  page  527. 

335.  A  glass  flask  whose  neck  h£s  been  drawn  out  to  a  point  contains 
at  0°  1,000  cm.'  of  mercury.  Required  the  quantity  of  mercury  which 
will  flow  from  the  flask  if  its  temperature  is  raised  to  100°. 

46* 
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33G.  A  weiglit  thermometei-,  FJg.  380,  contained  254.263  grammes  of 
mercury  atO''°  when  heaied  to  100°,  3.864  grammes  of  the  mercury  es- 
caped. What  is  the  apparent  coefficient  of  expansion  of  mercury!" 
Assuming  that  the  coefficient  of  expansion  of  glass  is  0.00003,  what  is 
the  coefBcient  of  absolute  expansion  ? 

337.  A  glass  thermometer-tube  waa  carefully  calibrated  and  divided 
into  parts  of  equal  capacity.  The  weight  of  mercury  which  the  bulb  and 
tube  coDfained  below  the  6th  division  on  the  stem,  measured  at  0%  was 
found  to  be  20.125  grammes.  After  introducing  an  additional  quantity  of 
mercury,  which  filled  25  diviaona  of  the  stem  at  0",  this  weight  was  in- 
creased to  20.156  grammes.  Subsequently,  in  order  to  measure  the 
apparent  expansion  of  mercury,  the  two  fixed  points  were  carefully  de- 
termined on  the  stem.  The  difference  between  the  two  was  found  to  be 
250  divisions.  Eequii-ed  the  coefficients  both  of  absolute  and  of  apparent 
expansion,  using  for  the  coefiicient  of  glass  tiie  value  given  in  the  last 
problem. 

338.  A  spherical  vessel  having  an  internal  diameter  equal  to  two  thirds 
of  a  metre  at  0°,  is  made  of  a  material  whose  coefficient  of  expansion  is 
equal  to  s^s-  Eequired  the  weight  of  mercury  which  the  vessels  will 
hold  at  0"  and  at  25°. 

339.  A  cylinder  of  brass  immersed  in  water  is  suspended  from  the  pan 
of  a  hydrostatic  balance,  and  counterpoised  at  4°.  The  temperature  is 
then  rwsed  to  9°,  iind  it  is  required  to  determine  the  weight  necessary  to 
restore  lie  equUibrium.  The  circumference  of  the  cylinder  is  0.135  m. ; 
its  height,  0,12  m. 

340.  A  spherical  glass  vessel,  whose  diameter  is  equal  to  0.28  m.,  is 
filled  with  mercury  at  70°.  This  mercury  is  turned  into  a  quantity  of 
water  which  half  fiUs  a  cylindrical  vessel  0.40  m.  high  and  0.40  m.  in 
diameter.  Kequired  the  temperatui-e  of  the  mixture,  neglecting  the  tem- 
pei-ature  of  the  glass. 

341.  Detei-miae  the  coefficient  of  expansion  of  platinum  from  the  fol- 
lowing data  :  —  Grscmaes. 
Weight  of  the  platinum  bar, l»8.0 

"  "       glass  bulb  and  platinum  bar  enclosed,         .        .        -        ■        ■'♦"•^ 

u  11  I'  "  "  when  filled  with  mercury  at  0°,  .    390.1 

"  "       mercury  expelled  on  heating  the  tube  to  100°,     .        .        .  2.24* 

This  problem  can  be  most  readily  solved  by  first  calculating  the  values  of 

^    —     and  —^-'"-,  andaftcrwardssubstitutingthesc  values  in  [180]. 

"j    '     S'  '  <>' 

Mxj)ansi(m  of  Gases. 
342    To  what  temperature  must  an  open  vessel  be  heated  before  one 
half  of  the  air  which  it  contains  at  0°  is  driven  out  ?     The  pressure  is  as- 
sumed to  be  constant. 
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343.  All  open  vessel  is  heated  to  1,000'.  What  porlion  of  the  air  which 
the  vessel  contained  at  0=  remains  in  it  at  this  temiierature  ?  The  pres- 
sure is  assumed  to  be  consfanL 

34i.  A  closed  glass  vessel,  which  at  0'  was  filled  witli  air  having  a 
tension  of  76  c.  m.,  is  heated  to  500=.  Determine  the  tension  of  the 
heated  air, 

345.  Kequired  the  temperature  at  which  one  litre  of  air  would  weigh 
one  gramme,  the  pressure  being  76  cm. 

346.  An  iron  bomh-shell  was  filled  with  nitrogen  gas  at  0",  and  after 
having  been  hermetjeally  sealed  was  heated  white-hot  (1,300"  C).  Re- 
quired the  tension  of  the  heated  gas. 

347.  Reduce  the  following  volumes  of  gas,  measured  at  the  tempera- 
tures and  pressures  auuexed,  to  0"  and  7  6  c.  m. :  — 

I.    10     r^J'     J/=74c.m.     (-10°.     i      4.     UiT^?     ir=3Se.m.      t^    3(P. 
a!      7,S     ■'         a  =73     ■'         *=m  5,     11     '■        i/=50     ■'  t=    20^. 

3.    10        "         //=80     "         t  =  10^     Is.       9     "        £-=60     "  t  =  -VP. 

348.  It  is  required  to  determine  the  temperature  to  which  an  air-ther- 
mometer was  exposed  from  the  following  data :  — 
Weiglitofthegliias  tliPrmoraetor, !u     =    25.364  grammes. 

thormometor  fllied  with  mercnry  at  0=,     .         IF   ==  705.164      " 
..  partiallyfilledwithmercurjatO=,   W    =251.964      " 

Height  ot  ilia  baronicli.r  i-cdaoed  to  0°,  .        .        ■        ■        J^'«  =    '^,64    c.  m. 
meicurj  column  in  thecmometer,  .        .        .    ?to    =    135* 
"  baroinatec  nt  the  time  of  closing  thocmomcter,    Ila   =    76.22 

Ans.  232°.7. 

349.  It  is  required  to  determine  the  temperature  to  which  tte  air-ther- 
mometer of  Fig.  273  was  exposed  from  the  following  data :  — 

Heiirht  of  barometer  at  Uie  moment  of  obserring  the  temperature,    S'a  =  76.22  c.  m. 

^.  "  ..  »        measimtisdiffercnceofleTel,H,   -76.54    " 

Difference  of  kre!  as  measm^ed  by  a  catheWmetcr,        .        .        '    ^    ^  ■*'*'^*'    "  j 

Voliune  of  the  dr-thermometec  at  0", V     =  254    cm. 

■'  ■'     manoraetor-tnbo  between  /  and  u,  .        ■        .    k      =   20 

Tcrapctaturc  of  tlie  manometer, '      =    "il^r, 

Ans.  265  . 

350.  It  is  required  to  determine  Uie  volume  of  the  air-thermometer 
from  the  following  data, : — 

Weight  of  mercmy  above  maA  «,-■•■      l^'^^"  gtamrocs. 
"  "        between  a  and  f,        .        •        -        272,000 

Height  of  barometer, ^^        '^^^■ 

Difcrence  of  level  of  the  two  colnmns,     .        .        ■  39-4 

351.  A  glass  tube,  the  area  of  whose  section  is  tJit  "^  »  ^<3"3^s  <^*^''' 
timetre,  is  connected,  as  in  Fig.  855,  with  a  glass  bulb  whose  capacity 
equals  0.75  ^^l'  At  the  temperature  of  —40'  and  under  a  pressure  of 
76  c.  m.  the  small  thread  of  liquid,  J,  stands  at  the  lowest  part  of  the 
tube.  It  is  required  to  determine  how  long  the  tube  must  be,  in  order 
that  we  may  measure  witli  the  instrument  a  temperature  of  120 '. 
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CHANGE   OP   STATS    OP   BODIES. 

1.  Solids  to  Liquids. 
(209.)  Melting-Point.  —  If  we  lieat  a  solid,  the  first  effect  of 
heat  is,  as  we  have  seen,  to  expand  it ;  the  second  effect  is  to 
change  its  mechanical  condition,  —  to  melt  it.  The  temperature 
at  which  solids  melt  differs  Tery  greatly  for  different  suhstanccs  ; 
but  it  is  always  constant  for  the  same  substance.  Moreover,  the 
temperature  remains  absolutely  constant  during  the  whole  period 
of  melting.     This  temperature  is  termed  the  meltiiig-point. 


Melting 

Points. 

Mercury  . 

.     —39" 

Sulphur     ....     TOO" 

Oil  of  Turpentine 

—10 

Alloy  (I  Tin,  1  Bismull.)    .           141 

Ice           ... 

0 

"      (3  Tin,  2  Lead)    .          .      1G7 

Lard  .         .         .         . 

+33 

"      (8  Tin,  1  Bismuth)    .             200 

Phosphorna 

d3 

Tin 230 

Spermaceli 

.     -W 

Bismuib         ...          256 

Potassium 

58 

Lead          .         .         .         .322 

Wax  {not  bleached)      . 

.     61 

Zinc       ....         360 

Stearic  Acid     . 

.         70 

Aiitimnny             .          .          .      432 

Sodium        . 

.     90 

Silver,  pure,   ...         099 

Fusible  metal  (s  Fb,  3  Sn 

sBi)   too 

"       alloyed  wiLliVij  gold,    1018 

Iodine 

.  107 

(270.)  Vitreous  Fusion.  —  Most  solids,  when  heated  to  their 
melting-point,  change  at  once  into  perfect  liquids ;  but  some, 
such  as  platinum,  iron,  glass,  phosphoric  acid,  the  resins,  was,  and 
many  others,  pass  through  an  intermediate  pasty  condition  before 
they  attain  complete  fluidity.  In  such  cases  the  melting-point  is 
not  iised,  although,  so  far  as  we  can  jud^e,  a  definite  tempera- 
ture corresponds  to  each  stage  of  tlie  change.  The  term  vifreaui, 
fusion  has  been  applied  to  this  gradual  change  of  state,  because 
it  is  a  characteristic  property  of  all  vitreous  substances ;  and  it  is 
when  in  this  intermediate  pasty  state  that  glass  is  worked  and 
iron  or  platinum  forged. 

(271.)  Freezing-point.  —  If  a  substance  in  tlie  liquid  form  is 
cooled  below  the  temperature  at  which  it  melts,  it  again  becomes 
solid,  and  as  a  general  tuIo  the  froezing-point  is  the  same  as  the 
melting-point.    But  in  many  eases  we  can  cool  a  liquid  several 
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degrees  below  its  melting-poiiit  without  its  solidifying  ;  tlius,  by- 
keeping  water  perfectly  still,  we  caii  succeed  in  cooling  it  to 
— 15",  or  even  to  — 17°,  before  it  freezes.  If,  however,  when  in 
this  condition,  we  drop  into  the  water  an  angular  body,  like  a 
piece  of  sand,  or  gently  jolt  the  vessel  containing  it,  congelation 
begins  at  once,  and  the  temperature  suddenly  rises  to  0°.  It  has 
already  been  stated  (258)  that  water  continues  to  expand  when 
cooled  below  0°,  while  ice  under  tlie  same  circumstances  con- 
tracts.   Despreta  has  followed  its  expansion  to  -—20°. 

This  singular  phenomenon  seems  to  be  caused  by  the  inertia 
of  the  particles  of  the  liquid,  and  is  exhibited  to  a  still  greater 
degi'ee  in  viscid  liquids,  like  the  fats,  where,  on  account  of  the 
imperfect  fluidity,  the  inertia  is  greater.  Such  liquids  uniformly 
do  not  begin  to  freeze  until  they  are  cooled  several  degrees  below 
the  melting-point ;  but  as  soon  as  the  cliange  commences,  the 
temperature  at  once  rises  to  this  point. 

It  has  been  noticed  that  the  phenomenon  just  described  is  most 
readily  produced  when  the  liquid  is  enclosed  in  a  capillary  tube, 
and  tins  circumstance  has  been  thoxxght  to  explaui  the  fact  that 
plants  and  many  of  the  lower  animals  frequently  seem  to  resist  the 
action  of  frost  without  any  apparently  adequate  protection  ;  for, 
as  is  well  known,  their  liquid  juices  circulate  through  exceedingly 
minute  capillaiy  vessels. 

(272.)  Effect  of  Sidts  on  the  Freezing-Point  of  Water.  —  The 
freezing-point  of  water  is  depiessed  by  the  presence  of  salts  in 
solution.  Thu-i  sea-water  fieezes  at  about  — 3°,  and  a  saturated 
solution  of  common  'ialt  must  be  cooled  as  low  as  — 20°  before 
freezing.  The  freezing-points  of  various  saline  solutions  at  dif- 
ferent degrees  of  concentration  liave  been  given  by  Despretz  in  a 
memoir  already  referred  to  (258).  In  all  tliese  cases  pure  ice  is 
formed  by  the  freezing,  and  a  more  saturated  solution  of  the  salt 
is  left.  The  change  may  in  fact  be  regarded  as  a  process  of  crys- 
tallization, m  which  the  water  crystallizes  out,  leaving  the  salt 
behind.  In  like  manner,  alcohol,  which  when  mixed  with  water 
very  greatly  reduces  the  freezing-point,  is  entirely  eliminated 
from  it  in  the  process  of  freezing.  Hence  weak  alcoholic  liquids 
like  wine  or  beer  may  be  concentrated  by  exposing  them  to  cold 
and  removing  the  layers  of  ice  as  they  form. 

To  the  same  class  of  phenomena  belongs  tlie  fact,  that  the 
raeltiiig-poiiit  of  several  alloys  is  lower  than  that  of  cither  of  the 


d  by  Google 


550  CHEMICAL  PHYSICS. 

metals  of  which  they  consist.  The  most  remarkable  cxamjilc  oi' 
this  kind  is  Eose's  fusible  metal,  consisting  of  two  parts  hismuth, 
one  part  tin,  and  one  part  lead,  which  melts  between  95°  and 
98°,  although  the  melting-points  of  its  constitiients  are  all  be- 
tween 235°  and  334°.  The  following  table,  which  gives  the  melf^ 
ing-points  of  several  alloys  of  tin  and  lead,  furnishes  another 
example  of  the  same  fact.  The  lowest  melting-point  corre- 
sponds to  an  alloy  of  three  equivalents  of  tin  and  one  equivalent 
of  lead.  Compounds  of  two  equivalents  of  sulphur  and  three 
equivalents  of  phosphorus,  of  two  equivalents  of  bismuth  and 
three  equivalents  of  tin,  show  similar  relations. 


73.7 

26.3 

69.3 

30.7 

63.0 

87.0 

63.2 

46.8 

36.2 

63.8 

15.9 

84.1 

(273.)  Effect  of  Pressure  on  the  Melting-Point.  —  Since  the 
effect  of  au  external  pressure  must  be  to  resist  the  expansive 
force  of  heat,  we  might  naturally  expect  that  it  would  tend  to 
raise  the  melting-point.  That  this  is  indeed  the  fact  is  shown 
by  the  following  table,  which  gives  the  results  of  experiments 
made  by  Mr.  Hopkins*  on  this  subject. 


,<^rmg»t>. 

Wax. 

SulpHur, 

61.1 

64.7 

107.2 

67.2 

GO.O 

74.7 

136.2 

68.3 

80.2 

80.2 

140.5 

73.8 

On  the  other  hand,  it  has  been  shown  by  Professor  Thompson 
that  the  effect  of  pressure  on  water  is  exactly  opposite  to  that 
just  described.  He  found  that  a  pressure  of  8.1  and  16.8  atmos- 
pheres caused  a  depression  of  the  freezing-point  of  O'-OSfl  and 
0°.129.     But  it  will  be  shown  in  tlie  next  section,  that,  while  the 

*  Silliinan's  American  Journal,  Sccoiwl  Scries,  Vol,  XIX,  p.  UO. 
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voliime  of  the  substances  on  which  Mr.  Hopkins  experimented  in- 
creases by  melting,  that  of  -water  diminishes.  "We  should,  there- 
fore, expect  an  opposite  result  in  the  two  cases  ;  in  fact,  not 
only  the  general  effect  of  the  pressure,  but  also  the  amount  to 
which  the  melting-point  of  ice  is  depressed  by  it,  are  in  accord- 
ance with  the  theory.  Indeed,  the  phenomenon  was  predicted  by 
Professor  Thompson*  on  purely  theoretical  grounds,  and  tho 
experimental  results  since  obtained  have  agreed  very  closely  with 
his  predictions. 

(274.)    Change  of  Volume.  —  At   the    moment   of   melting 
there  is  a  sudden  change  of  volume,  which  is  usually  an  ex- 
pansion ;  but  hi  the  case  of  water  and  a  few  metals  the  effect 
is  a  condensation.     This  subject  has  been  carefully  investigated 
by  Kopp,t   who  used  in  his   experiments   tlie  simple  appara- 
tus  represented  in  Pig.  396.      The   small   test-tube 
ffi  a,  containing  the  substance  to   be   eiamined,  was 
placed  within  a  somewhat  larger  tube  of  the  same 
shape  ;  and  this,  having  been  filled  with  water  or  some 
other  suitable  liquid,  was  closed  by  a  cork  provided 
with  a  capillary  glass  tube  divided  into  parts  of  ccpal 
capacity.      It  is  evident  that  any  change  of  volume 
of  the  solid  in  the  tube  a  a  could  be  measuiud  Ij 
the  rise  or  fall  of  the  enclosed  liquid  in  the  capillaiy 
tube.     In  practice,  the  apparatus  was  heated  at  tlie 
side  of  a  thermometer  in  an  oil-bath,  so  arranged  that 
the  temperature  could  be  kept  constant  for  a  few  mm 
utes  at  any  point,  and  at  each  stationary  pcmt  thi, 
temperature  and  the  height  of  the  liquid  in  tho  caj  il 
lary  tube  were  observed.     The  weight  of  the  sub  tanco 
and  of  tho  liquid  used  (commonly  water)  having  btfn 
previously  determined,  and  the  rate  of  expansion  of 
glass  and  of  tlie  hquid  being  known,  and  also  the  -^ol 
lime  of  the  tube  between  any  two  divisions,  it  was 
easy  to  calculate  the  volume  of  the  substance  it  c  ih       f„  sse. 
observed  temperature,  and  of  course  to  measure  the 
change  of  volume  which  took  place  at  melting       Some  of  tho 
results  obtained  by  Kopp  are   represented   in   Figs.   39T,  398, 
399,  and  400.     Here,  as  in  Figs.  381  and  386,  the   abscissas  of 

*  Philosopliical  Magaiiiie,  1850,  Vol.  XXXVII.  p.  \-2?,. 
t  Aiiiialtii  iler  Chcuiic  uiid  Pharmacie,  Band  XCIII.  s-  5. 
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the  curves  indicate  degrees  of  temperature,  and  the  ordinates  the 
corresponding  vohimos  of  the  substance,  the  volurae  at  0°  heing 
taken  as  unity.     Sohd  phosphorus  (Fij,^  3D7),  it  will  he  noticed, 


■■■■ 


expands  very  regularly,  hke  other  suUds,  until  it  reaches  44  ,  its 
melting-point,  -when  a  sudden  expansion,  amounting  to  about 
0.035  of  tlie  original  volume,  takes  place.  After  melting,  the 
expansion  continues,  with  tolerable  regularity,  as  before.  Ice,  on 
the  other  hind  (Fig  398)  which,  so  long  as  it  remains  solid,  is 
expindid  b?  lipit  suddcnh  contncts  in  melting,  —  the  con- 
tnctiiin  amounting  t  >   i'    ut  i'  1  of  thi    vohime  of  the  water  at 

0  After  melting,  the  water 
expands    according    to    the 

1  iws  before  stated,  but  the 
totil  amount  of  expansion 
between  the  freezing  and 
boiling  points  is  less  than 
oni,  half  as  great  as  the  con- 
ti  action  in  melting.  Hence 
n,e  will  float  on  water,  even 
uliPn  at  the  boiling-point. 
The  expansion  of  water  in 
freezing  takes  place  with  ir- 
resistible force.  Thick  iron 
bomb-shells  have  been  burst 
by  exposing  them   to   great 

cold  when  filled  ■with  watoi  and  titrhtly  plugged. 

The  law  of  the  expansion  of  wax  while  melting  is  shown  by 
the  curve  in  Fig.  399.  Since  wax  does  not  change  suddenly  into 
a  liquid,  but  passes  through  an  intermediate  pasty  condition,  we 
shoiild  not  expect  to  find  a  point  of  sudden  expansion.     As  the 


mm 

Pni  III  I  Mill  I 
'I 

W ' 
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curve  indicates,  tlie  expansion  is  very  rapid  during  the  melting, 
and  Yastly  more  rapid  tlian  the  expansion  ahove  64°;  the  point 
at  -which  the  wajc  hecomes  perfectly  liquid. 

Pig.  400  represents  the  curve  of  stearine,  which  is  exceedingly 
irregular.  The  substance 
has  in  fnet  two  mcltiii^ 
points.  It  mclta  fii^t  it 
50°,  and  this  clnnge  it-  it 
tended  "svith  i  sudden  am 
densation  B\it  aa  the  tim 
perature  n'^ea  highei,  ihi 
substance  again  thicki  n 
owing  undoubtedly  to  i 
change  in  its  mnleciil  ii 
condition  and  this  i  tw 
condition  of  '^teiiino  melts 
at  60°,  when  the  chtive 
is  attended  with  a  sudden  r    an 

expansion 

Besides  watci,  the  onlj  &ub&tances  known  to  expand  in  so 
lidifjing,  which  do  not  contain  watei  as  i  chief  constituent,  aie 
cast-iron,  bismuth,  mtimoni ,  and  a  few  lUoyi,  "uch  is  type 
metal,  bits'-,  ind  bronze  These  metals  and  alloys  .ill  giie 
sharp  cast**,  because  the  expansion,  wlnoh  tikes  place  when 
the  metal  scti,  foicpa  it  into  the  muiute  ci^ities  of  thf  mould 
and  on  tins  fact  diptnd  min\  of  then  ustlul  ijipliLations  m 
founding 

(275.)  Thi  melting  of  solids,  bhi^  tlieir  expansion,  mij  bo 
explained  by  the  expinsn  e  force  exei  ted  by  htat  When  this 
expansive  force  becomes  equal  to  the  cohesive  foice  we  e\i 
dently  have  a  condition  of  mattei  in  which  the  partitks  aie  m 
perfect  equilibrium  between  two  forces,  and  are  therefore  free 
to  move  at  tlie  slightest  impulse  ;  in  a  word,  we  have  tlie  condi- 
tion of  liquidity.  We  may  deiine,  then,  a  liquid  as  tliat  condition 
of  matter  in  which  the  cohesive  force  is  balanced  by  the  expan- 
sive force  of  heat.  With  a  few  exceptions,  all  solids  which  can 
bear  the  i-equisite  change  of  temperature  without  imdergoing 
chemical  change,  may  be  melted.  Many  substances  which  are 
generally  regarded  as  infusible  —  such,  for  example,  as  platinum, 
flint,  and  siliceous  minerals  —  readily  melt  before  the  compound 
47 
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blowpipe,  or  hetwoen  tlie  poles  of  a  powerti.il  galvanic  battery. 
Carbon  is,  indeed,  almost  the  only  substance  which  has  not 
yielded  to  these  liigh  temperatures  ;  and  it  is  probable  that  even 
this  ■will  be  melted  when  tlie  means  of  obtaining  still  higher  tem- 
peratures shall  be  discovered*  There  are,  however,  a  great 
number  of  substances,  especially  organic  compounds,  which 
cannot  be  melted,  because  they  are  decomposed  by  the  action 
of  heat.  Thus  wood,  when  heated,  is  decomposed  into  certain 
gases  and  acid  vapors,  which  escape,  and  into  carbon,  which  is 
left  behind.  In  like  manner  carbonate  of  lime  (chalk),  when 
heated,  is  decomposed  into  carbonic  acid  gas  and  lime  at  a  tem- 
perature below  its  point  of  fusion.  If,  however,  we  prevent  the 
gas  from  escaping,  by  coniining  the  carbonate  of  lime  in  a  gun- 
barrel  hermetically  closed,  it  can  be  melted  in  a  furnace  fire. 

As,  with  very  few  exceptions,  all  solids  may  be  melted,  we 
have  eveiy  reason  to  infer  that  all  liquids  might  be  frozen  if  a 
sufficient  degree  of  cold  could  be  attained.  There  are,  however, 
several  liquids  which  have  never  yet  been  frozen.  Such,  for 
example,  are  sulphide  of  carbon,  alcohol,  and  several  otiiers  of 
organic  origin ;  but  even  alcohol  becomes  very  thick  and  oily 
when  exposed  to  the  intense  cold  produced  by  a  mixture  of  solid 
carbonic  acid  and  ether. 

(276.)  Determination  of  the  Melting-Point.  —  The  melting- 
point  is  an  important  physical  property  of  a  substance,  and  the 
chemist  has  h-equent  occasion  to  determine  it.  The  simplest 
method  is  to  heat  the  sohd  in  a  convenient  vessel  until  it  begins 
to  melt,  and  then  test  the  temperature  with  a  thermometer  before 
it  is  fully  melted.  It  is  always  well,  however,  also  to  reverse  the 
experiment,  and,  by  cooling  down  the  liquid,  test  the  temperature 
while  it  is  freezing.  Biit  if  there  is  a  difference  between  the  two 
temperatures,  the  melting-point  should  be  taken  as  tlie  physical 
constant  rather  than  the  freezing-point,  for  tlie  reasons  already 
stated  (2T1). 

The  apparatus  represented  in  I'ig.  401  will  be  frequently  found 
very  convenient  for  determining  the  melting  or  freezing  point  of 
many  organic  substances,  especially  when  only  a  small  quantity 

«  Both  Silliman  and  Despreti  liave  obtained  evidence  of  the  partial  fusion  fttid  vola- 
tilization of  caAon,  when  exposed  to  tlie  action  of  a  galvanic  battery  of  great  intensity. 
For  a  description  of  llio  best  menns  of  producing  intense  furnace  boat,  see  a  memoir 
by  Dc\-llle,  Annales  de  Chimic  et  do  Pliyaiiiiic,  3'  Scrie,  Tom-  XLVI.  p.  182. 


d  by  Google 


555 


is  available  for  the  cxporimcnt.     It  consists  of  a  water  or  oil  bath, 
made  with  two  beaker  glasses  (one  supported  withiu  the  other,  as 
represented  in  the  figure),  so  that  the  conduction  of  heat  from  the 
lamp  to  the  inuer  vessel  may  be  as  uni- 
form as  possible.    A  thermometer  in  the 
inner  glass  gives  the  temperature  of  the 
bath  at  each  instant,  and  the  substance 
under  experiment,  enclosed  in  a  capilla- 
ry glass  tube,  is  immersed  in  the  bath  at 
the  side  of  the  thermometer.     By  slowly 
heating  and  then  cooling  the  bath,  it  is 
easy  to  catch  the  exact  point  at  which 
the   solid  melts  and  the  liquid  again 
freezes  ;  and  the  experiment  can  read- 
ily be  repeated  a  great  number  of  times. 

(277.)  Heat  of  Fusion.  —  It  has  al- 
ready been  stated,  that  while  a  solid 
is  melting  the  temperature  remains  the 
same.    Tliis  fact  can  be  easily  verified 

by  watching  a  thermometer  immersed  in  a  tumbler  filled  with 
melting  ice,  when  it  will  be  found  that  the  thermometer  will 
stand  at  0°  until  the  whole  of  the  ice  has  disappeared.  During 
all  this  time,  which  may  be  several  hours,  heat  has  been  continu- 
ally entering  the  water  from  the  air,  and  the  question  naturaEy 
arises,  What  has  become  of  this  heat  ?  The  answer  is,  tliat  it 
has  been  used  up  in  melting  the  ice. 

In  order  to  study  this  phenomenon  more  closely,  let  us  take 
two  vessels,  the  first  contauiing  one  kilogramme  of  ice-cold  water, 
aiid  the  second,  one  kilogramme  of  coarsely  pulverized  ice.  A 
tliermometer  placed  in  each  vessel  will  indicate  that  both  the 
ice  and  the  water  have  exactly  the  same  temperature,  viz.  0°. 
Let  lis  now  expose  both  to  such  a  source  of  heat,  that  the  same 
amount  of  heat  must  enter  each  vessel  during  the  same  time. 
It  will  be  found  tliat  the  thermometer  in  the  first  will  remain 
stationary  while  tlie  ice  is  melting  ;  but  the  thermometer  in  the 
second  will  gradually  rise.  If  at  tlie  moment  the  last  particle  of 
ice  has  melted  we  examine  the  two  thermometers,  we  shall  find 
that  the  one  in  tlie  first  vessel  marks  still  0°,  while  that  in  the 
second  has  risen  to  79".  Prom  the  definition  of  the  unit  of  heat 
(231),  it  follows  that  79  units  of  heat  must  have  entered  both 
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vessels.  This  heat  has  not  raised  the  temperature  of  the  first, 
because  it  has  all  heeji  consumed  in  melting  the  ice.  The  ditfer- 
ence,  then,  between  one  kilogramme  of  ice  at  0°  and  one  kilo- 
gramme of  water  at  the  same  temperature  is  79  iinits  of  heat. 

The  same  truUi  may  be  illustrated  in  another  way.  If  we  take 
one  kilograjnnie  of  water  at  79°,  and  one  kilogramme  of  ice  at  0°, 
and  mix  the  two  togetlier,  we  shall  find,  on  testing  the  water  with 
a  thermometer  after  the  ice  has  melted,  that  its  temperature  is  0°. 
What  then  has  become  of  the  79  units  of  heat  that  the  kilo- 
^amme  of  crater  contained  ?  It  is  evident  that  they  have  disap- 
peared in  the  melting  of  the  ice.  What  is  true  of  ice  and  water 
is  also  true  of  other  substances.  All  solids,  in  melting,  absorb  a 
large  amount  of  heat,  -\vithout  any  corresponding  change  of  tem- 
perature. The  heat  which  is  thus  absorbed  is  sometimes  called 
the  heat  of  fusion,  but  more  frequently  the  latent  heat  of  the 
liquid,  because  it  is  not  sensible  to  the  thermometer.  The  heat 
of  fusion  of  a  few  solids  is  given  in  the  following  table :  — 


lee, 
Sulphui 


at  absorbed  by  1  liUo 

79.00  units. 
80.50     " 


Spermateli,   ....       49  82.22 


90.00 


Beeswax,       .         ,         .         .       «1  97.22 

Zinc,  .         ...  'dm 

Tin, 230 

Bismuth 256 


274.00 

a77.77 
305.55 


The  principle  under  discussion  is  well  illustrated  by  the  so- 
called /reesiwg-  mixtures.  The  most  common  of  these  is  a  mix- 
ture of  equal  parts  of  snow  or  pounded  ice  and  salt,  which  pro- 
duces a  degree  of  cold  of  about  —16°.  The  salt  causes  the  ice  to 
melt  and  the  water  dissolves  the  salt,  so  that  both  become  liquid, 
and  in  consequence  a  large  amount  of  heat  is  absorbed.  Tins 
mixture  is  used,  as  is  well  known,  for  freezing  ice-creams.  ^  A 
much  more  powerful  freezing  mixtiu-e  is  formed  by  mixing 
together  three  parts  of  crystalhzed  chloride  of  calcium,  previ- 
ously cooled  to  0°,  and  two  parts  of  snow.  A  degree  of  cold 
may  be  thus  produced  equal  to  —45%  and  sutficient  to  freeze 
mercury. 

Tlie  solution  of  most  salts  in  water  is  attended  with  the  ab- 


d  by  Google 


557 


sorption  of  lieat,  because  the  salt,  in  dissolving,  changes  from  a 
solid  to  a  liquid  condition.  Nitre,  for  example,  cools  the  water 
in  wliieh  it  is  dissolved  eight  or  ten  degrees.  One  part  of  chlo- 
ride of  potassium  dissolved  in  four  parts  of  water  also  cools  the 
■water  about  the  same  amount.  The  depression  of  temperature 
is  frequently  more  considerable  when  we  dissolve  tlie  salt  in  an 
acid  liquid  instead  of  pure  water.  A  very  convenient  method  of 
freezing  water  without  the  use  of  ice  consists  in  mixing  together 
finely  pulverized  Glauber's  salt  and  the  common  muriatic  acid 
of  commerce.  The  salt  dissolves  to  a  greater  extent  in  the  acid 
than  in  water,  and  a  depression  of  temperature  results  which 
may  amount  to  28°.  An  apparatus  (Fig.  402)  is  constnicted  at 
Paris  for  freezing  water  by  this  process,  and  it  is  found  to  require 


about  six  kilogrammes  of  Glauber's  silt  and  five  kilogrammes 
of  muriatic  acid  to  freeze  five  kilogrimmes  of  water  The  freez- 
ing mixtiire  is  placed  in  the  cylindrical  chambei  C,  while  the 
hollow  walls  of  this  chamber,  as  well  as  the  intciior  cylinder  A, 
are  filled  with  the  water  to  be  frozen  The  ciank  it  the  top  of 
the  apparatus  serves  to  turn  the  cylindoi  A  an  1  the  vanes  af^ 
tached  to  it,  by  which  means  the  acid  and  salt  are  kept  constantly 
mixed  and  the  surfaces  of  contact  renewed.  After  the  ice  forms, 
the  freezing  mixture  is  drawn  off  into  the  lower  chamber  V, 
where  it  may  bo  further  used  for  cooling  bottles  of  wine. 
47* 
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As  the  change  of  state  from  soliii  to  liquid  is  attended  with  the 
absorption  of  a  definite  amount  of  beat,  we  sho\ild  naturaJly 
expect  tliat,  when  the  fluid  changes  hack  again  to  a  solid,  the 
same  amount  of  heat  would  be  evolved.  That  this  is  really  tlie 
case,  may  be  proved  by  reversing  the  experiments  just  described. 

If  we  take  two  vessels,  the  first  containing  one  kilogramme  of 
water  at  79°,  and  the  second,  one  kilogramme  of  water  at  zero, 
and  expose  them  to  the  air  during  a  cold  winter  day,  so  that 
equal  amounte  of  heat  shall  escape  from  both  during  any  given 
time,  we  shall  find  that  the  temperature  of  tlic  water  in  the  fii-st 
vessel  will  immediately  fall,  while  that  of  the  water  in  the  sec- 
ond vessel  will  remain  stationary.  In  the  mean  time,  however, 
the  water  in  the  second  vessel  will  begin  to  freeze  ;  but  so  long 
as  the  water  remains  liquid,  the  temperature  will  contimie  sta- 
tionary at  zero.  If  at  the  moment  the  last  particle  of  water  has 
frozen,  and  before  the  temperature  begins  to  fall,  we  observe  tlie 
temperature  of  the  water  in  the  first  vessel,  we  shall  find  that 
the  thermometer  stands  exactly  at  zero.  Evidently,  then,  79 
units  of  heat  have  escaped  from  the  water  in  the  first  vessel. 
The  same  amount  also  must  have  escaped  from  the  water  in  the 
second  vessel.  Why,  then,  has  it  not  changed  tlie  temperature  ? 
Simply  because  it  is  the  heat  of  fusion,  which  has  been  given  up 
by  the  water  in  changing  into  ice. 

In  like  manner,  as  the  solution  of  a  salt  in  water  is  attended 
with  absorption  of  beat,  so  the  separation  of  a  salt  from  its 
state  of  solution  (the  process  of  crystallization)  is  attended  with 
evolution  of  heat.  As  a  general  rule,  however,  the  crystalli- 
zation is  so  slow,  that  the  heat  escapes  aa  fast  as  it  is  liberated, 
and  therefore  does  not  raise  sensibly  the  temperature  of  the  mass. 
We  can,  however,  so  arrange  the  experiment  as  to  make  it  very 
perceptible.  We  prepare  for  this  purpose  a  supersaturated  solu- 
tion of  Glauber's  salt,  as  described  in  (198),  and  when  the  so- 
lution is  cold  make  it  crystallize  suddenly  by  uncorking  the  flask. 
On  grasping  the  flask  with  the  hand  as  soon  as  the  crystallization 
has  been  completed,  it  will  be  found  that  its  temperature  has 
risen  very  perceptibly,  tlius  proving  that  crystallization  is  at^ 
tended  with  liberation  of  heat. 

As  a  last  illustration  of  tlie  principle  under  discussion,  we  may 
cite  the  -well-known  process  of  slaking  lime  in  tlie  preparation 
of  mortar.     If  we  add  to  one  kilogramme  of  quicklime  one  ball' 
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a  Idlogramme  of  water,  tho  lime  rapidly  combines  with  the  water 
and  falls  into  a  loose  white  powder,  a  portion  of  the  water  at  tlio 
same  time  escaping  as  steam.  The  water  is  thus  changed,  by 
entering  into  combination  with  the  lime,  from  the  liquid  to  the 
solid  state  ;  and,  as  we  might  anticipate,  a  great  amount  of  heat 
is  suddenly  evolTcd.  Tho  elevation  of  temperature  which  is 
thus  caused  is  sometimes  sufficiently  high  to  inflame  gunpowder. 
The  heat  which  is  liberated  in  this  process  is  not,  however, 
wholly  caused  by  the  solidifying  of  tlie  water.  A  portion  of  it 
results  from  the  chemical  combination  between  the  lime  and  the 
water,  in  accordance  with  tlie  general  law  that  chemical  combi- 
nations are  attended  witli  the  evolution  of  heat. 

The  quantity  of  heat  which  becomes  latent  during  the  fusion 
of  solids  is  ascertained  by  pouring  a  known  weight  of  the  melted 
solid,  at  its  melting-point,  into  a  mass  of  water  whose  weight  and 
temperature  are  known.  The  temperature  of  the  water  will  evi- 
dently be  increased  by  the  addition  of  the  amo\int  of  heat  whicli 
tlie  liquid  gives  out  in  solidifying,  plus  the  amount  which  the 
solid  gives  out  in  coohng  from  the  melting-point  to  the  increased 
temperature  of  the  liquid.  This  last  quantity  may  be  easily  cal- 
culated when  the  specific  heat  of  the  solid  is  known.  From  the 
increased  temperature  and  weight  of  the  water,  we  can  also  easily 
calculate  the  amount  of  heat  which  the  water  has  gained ;  and  then 
the  difference  between  these  two  quantities  will  be  the  amount  of 
heat  which  the  liquid  gave  out  in  solidifying, — in  other  words,  the 
heat  of  fusion.     The  method  may  be  made  clear  by  an  example. 

In  order  to  determine  the  latent  heat  of  melted  tin,  25 
grammes  of  the  liquid  metal  at  its  melting-point  (230°)  were 
poured  into  1,500  grammes  of  water  at  15°.  After  an  eqiiilib- 
rium  of  temperature  was  established,  a  thermometer  dipping  in 
tlie  water  indicated  19°. 83.  Hence  it  followed  that  the  water 
had  gained  in  temperature  19''.8S  —  15°  =  4°.83,  and  must 
therefore  have  absorbed  4.83  X  1.5  =  7.245  units  of  heat  (231). 
On  the  other  hand,  the  tin  had  lost  in  temperature  230°  —  IS'.SS 
=  aiO'.l?  ;  and,  since  tlio  specific  heat  of  tin  is  equal  to  0.0562 
(page  466),  it  must  have  given  out,  in  cooling  from  the  melting- 
point  after  sohdifying,  210.17  X  0.025  X  0.0562  =  0.295  units  of 
heat.  Subtractmg  this  quantity  from  7.245,  wo  find  that  tho 
amount  of  heat  given  out,  in  solidifying,  by  25  grammes  of  tin, 
is  equal  to  6.95  units ;  and  a  simple  calculation  will  show  that 
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one  kilogramme  of  the  melted  metal  would  givo  out,  under  the 
same  circumstances,  278  units  of  heat,  —  a  quantity  which,  by 
definition,  is  the  heat  of  fusion  of  the  substance.  This  result 
corresponds  with  the  mmiber  given  in  the  table  on  pa^e  556. 

A  general  formula  for  such  calculations  may  be  readily  deriTcd. 
Using  the  notation  of  (233),  and  also  representing  the  specific 
heat  of  the  substance  by  iV,  and  the  required  heat  of  fusion  by 
X,  we  shall  have 

W  (0  —  t)  ^  w  .  N  .  (_T^d}  +  wx; 

that  is,  the  heat  which  the  water  has  gained,  WCd  —  f),  is 
equal  to  the  heat  which  the  solid  has  lost  in  cooling  from  its 
melting-point,  w  .  JV(T  — ^),  plus  the  heat  which  the  liquid 
lost  in  solidifying,  w  re.     From  this  equation  we  get  the  value 

Here,  as  in  determining  the  specific  heat  of  a  substance,  it  is 
necessary  to  take  into  account  the  heat  absorbed  by  tbo  vessel  in 
which  the  experiment  is  conducted,  and  also  the  heat  lost  by 
radiation  and  from  other  causes.  In  order  to  insure  that  the 
temperature  of  the  liquid  is  at  its  melting-point  when  poured  into 
the  water,  it  is  best  to  pour  it  from  a  vessel  which  still  contains 
some  of  the  unmelted  solid,  since  so  long  as  any  of  the  solid 
remains  unmelted  the  temperature  of  the  mass  is  constant  at 
the  melting-point.  In  other  respects,  the  experiment  may  be 
conducted  precisely  as  in  determining  the  specific  heat  of  a  sub- 
stance by  the  method  of  mixture  (233),  so  that  further  details 
are  unnecessary. 

(278.)  Person's  Law.  —  It  has  already  been  stated  (234)  that 
tJie  specific  heat  of  the  same  substance  is  greater  in  the  liquid 
than  in  tlie  solid  state,  and  by  referring  to  the  table  on  page  475 
it  will  be  seen  that  the  difference,  which  is  very  considerable  in 
the  case  of  non-metallic  substances,  is  very  slight  in  the  case  of 
metals.  Moreover,  it  has  also  been  stated  that  a  liquid  may 
sometimes  be  cooled  several  degrees  below  the  normal  freezing- 
point  without  solidifying;  and  it  is  a  possible,  although  not  a 
probable  supposition,  that  Tuider  certain  circumstances  a  liquid 
might  be  reduced  to  the  lowest  possible  temperature  without 
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undergoing  this  clmnge.  hat  us  now  aBsnme  that  at  N  degi-eeg 
below  zero  we  should  reach  the  lowest  possible  temperature,  or 
absolute  zero,  a  condition  in  which  bodies  would  contain  abso- 
lutely no  heat,  and  let  us  suppose  that  we  start  at  this  tempera- 
ture with  one  kilogramme  of  any  given  substance  in  the  solid 
condition,  and  one.  kilogramme  of  the  same  substance  in  the 
liquid  condition.  Also  let  us  represent  by  C  the  specific  beat 
of  the  liquid,  by  C'  the  specific  heat  of  the  solid,  and  by  T"  the 
normal  freezing  or  melting  point  of  tlie  substance.  If  then  we 
assume  —  as  we  may  without  any  gi'cat  probable  error  —  that  the 
specific  heat  does  not  vary  between  the  absolute  zero  and  2"*,  it 
follows  (232)  that  (JV^-  2")  C  units  of  beat  would  be  required 
to  raise  the  temperature  of  the  one  kilogTamme  of  the  substance 
in  the  liqiiid  condition  from  the  absolute  zero  to  the  melting- 
point,  and  that  (JV+  T)  C  units  of  heat  would  be  required  to 
raise  the  temperature  of  the  one  kilogramme  of  the  substance 
in  the  solid  condition  to  tiie  same  extent.  Furthermore,  it  is 
evident  that  the  first  of  these  expressions  represents  the  actual 
quantity  of  beat  which  one  kilogramme  of  the  substance  at  the 
melting-pomt  contains  in  the  liquid  state ;  and  the  second,  the 
quantity  of  heat  which  one  kilogi-amme  of  the  same  substance 
contains  at  the  same  temperature  in  the  solid  state.  The  differ- 
ence between  these  quantities  is,  then,  the  number  of  units  of 
heat  which  would  be  requu-ed  to  convert  one  kilogramme  of  tlie 
substance  at  the  melting-point  fi-om  the  solid  to  the  liquid  state; 
or,  in  other  words,  the  heat  of  fusion.  Eepresenting  the  heat  of 
fusion  by  L,  we  have  i=  (iV-f  T)  C—  (iV-f-  T)  C",  which 
may  be  written 

L=(iV+7')  (0  — C).  [195.] 

If,  then,  the  theory  on  which  this  formula  is  based  is  cor- 
rect, it  follows  that  the  heat  of  fijsion  of  a  substance  is  equal  to 
the  difference  in  the  specific  heat  in  the  two  states  of  a^rega- 
tion,  multiplied  by  the  number  of  degi-ees  above  the  absolute 
zero  at  which  tho  substance  melts.  By  giving  to  N  the  value 
of  160°,  Person  found  that  the  heat  of  fusion  of  many  non- 
metallic  substances  calculated  by  the  above  formtila  agreed  al- 
most precisely  with  the  results  of  direct  experiment,  as  is  shown 
by  tho  following  table :  — 
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Water,      . 
Plioaphoras,  . 
Sulphur,    .        . 
Nitrate  of  Soda, 
Nitrate  of  Potasso, 

SlcllinB- 

Spociflc  Halt  in 

L.tenU^. 

SolU  State. 

Llquii  Shile. 

Obaarred. 

Cslculated. 

44.2 
115 
310.3 
339 

0.501 

0.1788 

0.20259 

0.27821 

0.23875 

1.0000 
0,2045 
0.234 
0.413 
0.33186 

79.25 
5.034 
9.8S8 
62.975 
47.371 

79.20 
5,243 
9.350 

63.4 

415.462 

The  agreement  between  the  observed  and  calculated  results  is 
certainly  remarkably  close,  and  sustains  so  far  the  theory  on 
which  the  formula  is  based,  and  the  necessary  inference  from  it, 
that  the  absolute  zero  is  at  160°  below  the  Centigrade  zero. 
Whether,  however,  we  accept  the  theory  or  not,  it  is  evident  that 
the  formula  [195]  is  the  expression  of  an  empirical  law  with 
which  the  observed  facts  very  closely  agree. 

(279.)  This  law  of  Person,  however,  only  holds  true  in  regard 
to  non-metallic  substances.  In  the  case  of  the  metals,  where  the 
difference  in  the  speciiic  heat  in  the  two  states  of  aggregation  is 
exceedingly  small,  it  entirely  fails.  The  cause  of  this  failure 
Person  explains  as  follows. 

The  amount  of  heat  absorbed  by  a  solid  in  melting  is  not  solely 
the  quantity  necessary  to  supply  the  excess  of  specific  heat  in  the 
liquid  over  that  in  the  solid  state  ;  because,  in  addition,  a  certain 
quantity  of  heat  is  required  to  overcome  the  cohesive  force  by 
which  ^le  particles  of  the  solid  are  held  togetlier  (275).  In  the 
case  of  non-metallic  substances,  where  the  tenacity  is  compara- 
tively slight,  the  quantity  of  heat  required  to  overcome  the  cohe- 
sion is  so  small  that  it  may  generally  be  neglected ;  and  the  heat 
absorbed  in  fusion  very  nearly  corresponds  to  the  increased  spe- 
cific heat  in  the  liquid  state.  In  the  case  of  the  metals,  on  the 
contrary,  the  amount  of  heat  required  by  the  increase  in  the 
specific  heat  is  very  smaU,  and  almost  the  entire  heat  of  fusion 
is  used  iji  overcoming  the  very  gi-oat  tenacity  of  these  substances. 
Hence,  Person  argues  that  the  amounts  of  heat  required  to  melt 
one  kilogramme  of  each  of  the  different  metals  must  be  propor- 
tional to  the  work  to  be  done ;  in  other  words,  to  the  power  wliich 
must  be  used  in  overcoming  the  cohesion  between  the  particles 
comprised  in  the  unit  of  weight.  This  power  would  be  measured 
hy  the  coeificient  of  elasticity,  were  it  not  that  in  determining  this 
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constant  (101)  we  do  not  Imvc  regard  to  equal  weights.  It  is 
evidently,  however,  a  function  of  this  coefficient,  and  Person 
represents  it  by  the  expression  K  [1 -{•  "Tt)'  ^  which  E 
is  tlie  coefficient  of  elasticity,  and  5  the  specific  gravity  of  the 
metal.  Representing  also  by  K'  the  coefficient  of  elasticity  of 
a  second  metal,  and  by  L  and  L'  the  corresponding  heat  of  fusion, 
we  obtain  the  proportion 

Tliis  formula  is  the  expression  of  a  second  law  which  may  be 
thus  stated  :  The  heat  of  fusion  of  metals  is  sensibly  propor- 
tional to  their  coefficients  of  elasticity  corrected  for  the  differ- 
ence of  density. 

If  -we  substitute,  in  [196],  for  L',  K',  and  8',  the  known  values 
for  zinc,  taken  as  a  standard  of  comparison,  we  obtain  for  the 
heat  of  fusion  of  any  other  metal  the  value, 

L  =  0.001669  -S:  (l  +  4=)  '  t^^^O 

and  the  heat  of  fusion,  calculated  by  this  formula,  agrees  very 
well  with  the  observed  result.  As  the  value  of  L  [195]  is  based 
on  the  assumption,  that  the  heat  required  to  overcome  the  te- 
nacity of  the  solid  may  be  neglected,  so  [19T]  is  founded  on  the 
assumption  that  the  specific  heat  of  a  metal  is  the  same  in  the 
liquid  as  in  the  solid  state.  Evidently,,  however,  the  true  value  of 
L,  in  any  case,  should  include  both  terms,  —  that  depending 
on  the  specific  heat,  as  well  as  that  depending  on  the  tenacity. 
Hence  we  obtain  Person's  general  formula  for  the  heat  of  fusion 
of  all  solids, 

L  =  (160  +  'mG-  C)  +  0.0016G9  K  (l  +  -=)  .     [198.] 

In  the  case  of  the  metals  the  first  term  may  he  neglected,  and  in 
the  case  of  non-metallic  substances  the  same  is  true  of  the  sec- 
ond term.  There  are  substances,  however,  for  which  both  terms 
have  definite  values  ;  but  we  have  not  the  experimental  data  in 
regard  to  them  which  would  enable  us  to  test  the  formula. 
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We  may  then  iidmit  that  the  heat  of  fusion  consists  of  two 
parts,  one  of  which  is  used  in  overcoming  the  foree  of  coliesioii, 
the  other  furnishing  the  additional  specific  heat  required  hi  thq 
liquid  state. 

"VVe  have  heen  able  to  give  in  this  section  only  a  veiy  imperfect 
abstract  of  Person's  remarkable  investigations  on  tliis  subject, 
and  we  must  refer  the  student  for  furtlier  information  to  the 
original  memoirs.* 

(280.)  Absolute  Zero.  —  If  Person's  theory  is  correct,  the 
absolute  zero,  as  \re  have  seen,  is  situated  ISO  degrees  below  the 
Centigrade  zero.  This  theory  is  not  a  little  confirmed  by  the 
remarliable  results  obtained  by  Po\iillet,f  with  an  instrument 
called  an  actmometer,  in  regard  to  the  temperatures  of  the  celes- 
tial space.  If  wo  eliminate  the  effects  of  the  rays  of  the  s\ui,  it  is 
evident  that  the  temperature  of  the  space  around  the  earth  must 
be  very  near  tl\e  absolute  zero ;  for  this  space  is  traversed  only  by 
the  rays  of  the  stars,  wliich,  coming  from  such  immense  distances, 
are  exceedingly  feeble ;  and  Pouillet  has  concluded,  from  his 
experiments  and  from  various  terrestrial  phenomena,  that  this 
temperature  must  be  between  the  limits  of  — llo"  and  — 115°,  at 
tlie  same  time  fixing  on  — 142°  as  the  most  probable  value.  On 
the  other  hand,  Clement  and  D^sonnes  fixed  on  — 273°  as  the 
absolute  zero,  on  the  ground  that,  since  the  permanent  gases 
expand  for  each  degree  of  temperature  jf^-  of  their  volume  at 
0°,  the  amount  of  contraction  when  the  temperature  was  reduced 
to  — 273°  would  be  equal  to  the  initial  volume,  and  the  gases 
would  cease  to  exist.  Moreover,  since  a  gas  heated  from  0° 
to  273°  doubles  its  volume,  they  thought  it  evident  that  the 
quantity  of  heat  added  must  bo  equal  to  that  contained  in  the 
primitive  volume. 

Even  if  matter  can  exist  without  heat,  which  there  is  great  rea- 
son to  doubt,  it  is  impossible  to  predict  what  would  be  Us  condition 
under  such  circumstances.  It  is  supposed  by  some,  who. hold 
the  atomic  theory,  tliat  tlie  molecules  of  matter  would  be  brought 
into  absolute  contact,  and  that  phenomena  of  a  new  and  unex- 
pected nature  would  appear.  The  violent  explosion  experienced 
by  Ohenot,  while  submitting  silver  in  powder  to  a  pressure  of 

«  Annnles  de  Cliimie  et  do  Physique,  3»  S&ie,  Tom.  XXI,,  XXII.,  XXVII. 
t  Comptes  Ecndus,  Tom.  VII.  p.  55. 
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three  hundred  atmospheres  in.  an  hjdrauUc  press,  is  frequently 
cited  in  this  connectiou.  But  these  are  mere  assumptions, 
for  we  are  as  yet  far  from  having  realized  experimentally,  an 
absolute  zero,  of  heat.  The  lowest  temperature  ever  observed 
in  the  arctic  region  is  — 57°,  and  the  lowest  we  can  artificial- 
ly produce  is  — 110° ;  at  these  temperatures  several  liquids  still 
retain  their  fluid  condition,  ■which  could  hardly  he  the  case  if 
wc  had  removed  the  greater  part  of  the  licat  whicii  they  con- 
tain. 


Chang-c  of  Slate.  —  Liqmds  to  Gases. 

(281.)  Boiling-Point.  —  It  has  been  shown,  that,  when  a  solid 
is  heated  to  such  a  temperature  that  the  expansive  force  of  heat 
between  its  particles  k  equal  to  the  cohesive  force,  it  melts.  If 
the'liquid  be  now  heated  above  its  melting-point,  the  expansive 
force  will  become  greater  tlian  the  cohesive  force,  and  by  con- 
tinuing to  raise  the  temperature  we  shall  finally  attain  to  a  point 
where  the  excess  of  expansive  force  is  equal  to  the  atinosjiheric 
pressure.  Then  we  have  the  condition  of  a  gas,  and  a  plie- 
nomenon  presents  itself  which  we  term  hoUing.  Bubbles  of  gas 
form  beneath  tlie  surface  of  the  fluid,  and  rise  tiunultuously 
through  its  mass. 

This  phenomenon  can  best  be  studied  by  heating  water  in  a 
glass  flask  over  the  flame  of  a  spirit-lamp.  The  first  action  of  the 
heat  is  to  expand  the  portion  of  the  liquid  immediately  in  contact 
with  the  bottom  of  the  vessel,  wliich,  becoming  specificaEy  lighter, 
rises  and  gives  place  to  colder  water,  which  is  heated  and  rises  iii 
its  turn  ;  and  tlius  a  circulation  is  established  by  which  each  par- 
ticle of  liquid  is  brought,  in  its  turn,  in  contact  with  the  heated 
surface.  As  the  temperature  of  the  mass  rises,  the  air  which  is 
dissolved  in  the  water  separates  in  bubbles  on  the  inner  surface 
of  the  flask  (compare  page  396),  and  these,  when  they  have  atr- 
tained  sufficient  size,  disengage  themselves  and  escape  through 
tlie  liquid.  They  are  followed  by  bubbles  of  steam,  which  form 
on  the  heated  surface  of.  the  flask,  where,  in  consequence  of  the 
close  proximity  of  the  source  of  heat,  the  temperature  is  higher 
IShan  tliat  of  the  mass .  of  the  liquid  ;  but  as  the  bubbles  rise 
tliroiigh  the  cooler  water  above,  they  are  condensed,  and  the 
shock  produced  by  the  sudden  collapse  gives  rise  to  a  peculiar 
48 
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noise,  an  instance  of  wliieh  appears  in  the  singing  of  a  tea-kettle. 
After  tlio  ivliole  mass  of  water  has  been  heated  to  100°,  tiie  bnb- 
bles  of  steam  are  no  longer  condensed,  but  rise  to  the  surface 
and  break,  allowing  the  steam  to  escape  ;  and  as  the  tension  of 
this  steam  is  equal  to  the  pressure  of  the  air,  it  drives  out  the 
air  from  the  upper  part  of  tlie  flask,  and  takes  its  place. 

What  is  so  familiar  m  the  case  of  -water,  is  equally  true  of 
other  liquids.  There  is  for  each  a  temperature  at  which  the 
expansive  force  of  heat  becomes  equal  to  the  pressure  of  the 
air,  and  at  which  this  phenomenon  of  boiling  invariably  appears. 
This  temperature,  which  is  constant  for  the  same  substance  imder 
the  same  atmospheric  pressure,  is  called  the  boiling-poi-nt.  As 
the  boiling-point  varies  with  tiie  atmospheric  pressure,  it  is  neces- 
sary, in  describing  the  boiling-point  of  a  substance,  to  state  the 
pressure  under  which  it  was  observed.  In  the  following  table, 
the  boiling-points  of  some  of  the  best-known  liquids  are  given  for 
the  mean  pressure  of  76  cm.;  — 

■Points  under  the  Pressure  of  7G  c.  m. 


Protoxide  of  Nitrogen, 
Carbonic  Acid, 
Cyanogen, 
Sulphurous  Acid, . 
Chloride  of  Ethyle,  . 
Common  Ether,    . 
Sulphide  of  Carbon, 
Bromine, 
CUoroform, 


63 


Alcoliiil, 

"VV'iilcr,     . 

Nitric  Acid  (1.42), 

Oil  of  Turpentine,    . 

Phosphorus, 

Sulphuric  Add  (1.843), 

Sulpkui', 


The  influence  of  pressure  upon  the  boiling-point  of  liquids  may 
be  illustrated  by  a  great  variety  of  experiments.  If  we  place  a 
glass  of  lukewarm  water  under  the  receiver  of  an  air-pump  and 
exhaust  the  air,  the  water  will  at  once  begin  to  boil  violently. 
The  same  experiment  may  be  tried  even  more  simply  in  the  fol- 
lowing way. 

Take  a  glass  flask,  to  which  a  cork  has  been  carefuUy  fitted, 
fill  it  about  one  half  full  of  water,  and  heat  the  water  to  boiling 
by  means  of  a  spirit-lamp.  When  tlie  water  is  boiling  rapidly, 
and  the  upper  part  of  the  flask  is  filled  with  steam,  remove  Uie 
lamp  and  quickly  insert  the  cork.     If  now  the  flask  is  inverted 
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and  cold  water  poured  upon  it,  as  represented  in  Fig-  405,  the 
boiling  wiU  be  renewed,  and  continue  for  Bome  time. 

This  apparent  paradox  of  boiling  water  by  cold  is  thus  ex- 
plained. The  cold  water  condenses  the  steam,  producing  a 
vacmun  in  the  upper  part  of  the  flask,  and,  the  pressure  of  the 
atmosphere  being  thus  removed,  the  water 
continues  to  boil  at  a  greatly  diminished 
temperature.  In  the  experiment  of  Leslie, 
hereafter  to  be  described,  water  is  made  to 
boil  at  its  freezing-point.  Common  ether 
boils  under  the  receiver  of  an  air-pump, 
from  which  the  air  has  been  partially  ex- 
hausted, with  explosive  violence,  even  at 
the  lowest  natural  temperatures.  Such 
experiments  as  these  may  be  multiplied 
indefinitely. 

The  ordinary  variations  of  atmospheric 
pressure  exert  a  very  sensible  influence  on 
the  boiling-point  of  water.  The  extreme 
heights  of  tlie  barometer  observed  at  Pai-is 
for  the  last  thirty  years  have  been  71.9  cm,  Kg.M3. 

and  78.1  c.  m.  Under  the  fii-st  pressure, 
water  boils  at  98°.5,  under  the  second,  at  100°,8  ;  so  that  the 
boiling-point  is  liable  to  a  variation  of  about  two  degrees  at  that 
place.  Hence  the  importance  of  regarding  the  height  of  the 
barometer  in  determining  the  boiling-point  on  the  scale  of  the 
thermometer  (218),  Much  greater  variations  in  the  boiling- 
point  than  these  arise  from  differences  of  pressure  at  different 
elevations  on  the  earth's  surface.  At  the  city  of  Quito,  which  is 
at  an  elevation  of  2,908  metres  above  the  level  of  the  sea,  and 
where  tlie  mean  barometric  pressure  is  equal  to  52.7  c.  m.,  water 
boils  at  90M.  At  tJie  city  of  Mexico,  at  an  elevation  of  2,277 
metres  and  under  a  pressure  of  57.2  c.  m.,  it  bofls  at  92°.3. 
Boiling  water  is  not,  tlierefore,  equally  hot  at  all  places  of  the 
earth.  At  high  elevations,  as  at  Quito,  for  example,  its  tempera- 
ture is  much  too  low  for  cooking  many  substances  which  can  be 
cooked  at  one  hundred  degrees. 

It  follows  from  the  facts  already  stated,  that  a  difference  of 
pressure  of  0.25  c.  m.  will  cause  a  difference  in  the  boiling-point 
of  water  of  one  tenth  of  a  degree  ;  so  that  from  the  boiling-point 
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of  witei  dct(imincd  With  accuracy,  wc  can  ascertain  the  proa- 
suro  of  the  i.tmo%phi_re  it  thi,  time.  An  instrument  has  been 
constnictid  for  tins  purjiose,  consisting  essentially  of  a  very  deli- 
(^ate  theimometer,  made  with  an  enlargement  in  the 
u  ntie  of  the  stem,  as  represented  in  Fig:  348.  Its 
sc  do  IS  limited  to  five  or  six  degrees  aroimd  the 
fioezmg  point  md  eight  or  teu  degrees  around  the 
boiling  point,  "uid  each  degree  is  subdivided  into 
one  hundred  paits.  This  instrument  is  much  more 
poitable  thin  1  barometer,  but  on  account  of  the 
shifting  of  the  zeio  point,  to  which  even  the  most 
ciiefully  constiuuted  thermometers  are  liable,  it  is 
much  infLiioi  to  it  in  accuracy.  A  metallic  vessel 
mid  1  lamp  for  boiling  the  water  accompany  the  iii- 
stiument  (^Fig  404). 

C282  )    Vai  lations  of  the  Boilhig-Point.  —  The 
1 1   li       boiling  point  of  liquids  is  influenced  by  other  cir- 
l\l  ij  I       cum^fancLS,  whose  action  is  not  so  readily  explained 
as  that  of  the  atmospheric  pressure.     Thus  a  sub- 
stance dissolved  in  a  fluid  more  volatile  than  itself 
,^_g__       mcieases    the   boiling-point  in  proportion  to    the 
'IH@R       amount  di=<solved     Water,  for  example,  which  boils 
at  100°  when  piire,  boils  only  at  a   considerably 


bighei  temperature  ivhen  it  contains  salt 


in  solution,  viz.:  — 


"Water  saturated  with  Common  Sail, 

"  "  "     Nitrate  of  Potash,     . 

"  "  '■     Carbonate  of  Potash, 

"  "  "     Nitrate  of  Lime, 

"  "  "     Chloride  of  Calcium, 


179 


Substances,  however,  held  simply  in  suspension,  like  shavings  of 
wood  or  eartliy  particles,  do  not  alter  the  boihng-point. 

Again,  Gay-Lussac  observed  tliat  water  boiled  in  a  glass  vessel 
at  a  higher  temperature  than  in  a  metallic  vessel ;  and,  more  re- 
cently, Marcet  has  establislied,  first,  that  water  boils  in  a  glass 
vessel  coated  with  sulphur  or  gum-Iae  at  a  temperature  a  little 
less  than  in  a  metallic  vessel ;  secondly,  that  in  a  glass  vessel  the 
boiling-point  of  water  is  1°  or  1°.25  higher  than  in  a  metallic 
vessel ;  thirdly,  that  after  sulphuric  acid  has  been  boiled  in  a 
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glass  flask,  tlio  bolling-poiot  is  increased  to  a  mucli  greater  extent 
than  loefore,  this  increase  sometimes  amounting  to  five  or  six 
degrees.  By  throwing  into  the  water,  in  either  of  these  cases, 
pieces  of  metal,  the  boiling-point  is  at  once  reduced  to  100°. 
The  same  variation  of  the  boiling-point  in  glass  vessels  takes 
place  with  other  liquids  as  -well  as  water,  and  with  some  of  them 
to  a  much  greater  extent.  It  is  only  in  metallic  vessels  that  the 
boiling-point  is  regular. 

It  follows  from  what  has  been  said,  that  in  any  case  the  expan- 
sive force  of  tlie  vapor  formed  dnring  boiling  is  equal  to  the 
pressure  to  which  the  liquid  is  exposed,  and  it  is  also  true,  that 
the  temperature  of  the  vapor  is  the  same  as  that  of  the  boiling 
liquid.  Two  thermometers,  the  bulb  of  one  dipping  under  tlie 
surface  of  a  boiling  liquid,  and  the  other  immersed  in  the  vapor 
just  above  it,  -will,  therefore,  always  indicate  tlie  same  temper- 
atiu-e,  unless  the  boiling-point  has  been  unnaturally  increased  by 
one  of  the  causes  just  mentioned. 

(283.)  Determination  of  the  Boiling-Point.  —  The  caiises 
mentioned  in  the  last  section,  which  influence  the  temperature 
of  the  boiling  liquid,  do  not  affect  at  all,  or  affect  very  slightly, 
tlia  temperature  of  the  vapor  which  rises  from  it.  This  at  once 
adjusts  itself  to  the  pressure  of  the  atmosphere,  and  is  always 
constant  for  the  same  liqiiid  under  the  same  pressure.  Hence 
the  temperature  of  the  vapor  is  more 
fixed  than  that  of  the  liquid,  and  it  is 
for  tins  reason  that,  in  graduating  a 
mercury-thermometer,  the  tiibe  is  ex- 
posed to  the  steam  from  boiling  water, 
and  not  dipped  into  the  hquid  itself. 
So  also,  in  determining  the  boiling-point 
of  other  liquids,  it  is  always  best  to 
measui-e  the  temperature  of  the  vapor, 
and  not  that  of  the  liquid,  taking  care 
that  the  pressure  of  the  atmosphere  is 
transmitted  freely  to  its  surface  while 
boiling.  The  arrangement  represented 
in  Pig.  405  is  very  well  suited  to  this 
purpose,  the  size  of  the  glass  boiler 
being  adapted  to  the  circumstances  of 

the  case.     When  the  liquid  under  experiment  is  very  costly,  all 
48* 
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loss  can  be  avoided  by  connecting  tlic  exit-tuljG  with  a  Licbig's 
condenser  (see  Fig.  416). 

(284.)  Formation  of  Vapor  of  Lotv  or  High  Tension.  —  The 
vapors  or  gases  which  are  formed  during  the  boiling  of  liquids 
have  always  the  same  tension  as  the  atmospheric  air,  and  are 
therefore  able  to  retain  their  gaseous  condition  when  exposed  to 
its  pressure.  It  is  tlie  formation  of  vapors  of  this  kind  that  we 
have  considered  in  the  preceding  sections.  Liquids,  however, 
yield  vapors  both  of  a  lower  and  of  a  higher  tension  than  that  of 
the  atmosphere,  and  we  propose  next  to  consider  the  conditions 
and  laws  luider  which  these  are  formed. 

■    In  order  to  make  the  conditions  as  simple  »s  po^ible,  let  us 
3  a  vessel  having  the  capacity  of  one  cubic  metre,  and  let 
in  it  a  barometer  and  thermometer,  so  that  we  can 
e  the  tension  and  temperature  of  the  confined  gas.     More- 

jr,  let  us  pour  into  it  a  few  kilogrammes  of  water  and  perfectly 
exhaust  the  air.  If  now  we  expose  this  vessel  to  various  tem- 
peratures, it  will  be  found,  first,  that  for  every  given  temperature 
a  certain  fixed  weight  of  water  will  evaporate,  and,  secondly,  that 
the  vapor  thus  formed  will  have  a  certain  definite  tension  which 
is  invariable  for  that  temperature.  If  we  increase  the  tempera- 
ture, the  weight  of  the  vapor  formed  will  be  greater,  and  the 
tension  greater.  If  we  diminish  it,  the  weight  will  be  less  and 
the  tension  less,  provided  always  that  some  liquid  water  remains 
in  tlie  vessel.  The  table  on  the  opposite  page  gives  for  each 
temperature,  first,  tlie  weight  of  vapor  in  grammes  which  the 
cubic  metre  will  contain,  and,  secondly,  the  tension  of  the  vapor. 

By  inspecting  this  table,  several  remarkable  facts  will  be  dis- 
covered. It  will  be  seen,  in  the  first  place,  that  a  very  sensible 
amount  of  water  will  evaporate  even  at  a  temperature  of  ten 
degrees  below  the  fieczmg  point,  whpn,  of  course,  the  water  m 
the  vessel  i^  m  the  stite  ot  ice  In  the  serond  place,  it  will  be 
noticed  that  the  tension  of  tlie  vapoi  ii  h  '<s  than  the  pressure 
of  the  atmo'^phpre  for  all  temperituies  undtr  100°,  and  greater 
tliin  the  pressuie  of  the  atmcphere  foi  all  temperatures  above 
100° ,  so  that  for  all  tempeiatmes  undei  100°  the  pressure  ex- 
erted by  the  vipoi  on  the  inner  surface  of  the  vessel  is  less  than 
the  atmospheno  piessure  on  the  outside  whde  for  all  tempera- 
tuips  ovci  100°  it  IS  greitei  In  the  third  place,  it  will  be 
notiLPd  that  at  100°  the  tt-iiMOn  is  cMctlv  e  luxl  to  76  c.  ra.,  the 
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<•  of  Water,  according  to 
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pressure  of  the  atmosphere.  Tliis  Is  the  boihng-point  of  water, 
the  temperature  at  which  bubbles  of  steam  can  form  beneath  tlie 
surface  and  rise  to  the  top  without  being  condensed.  Lastly,  it 
will  be  noticed  that  above  100''  the  tension  of  the  vapor  increases 
very  rapidly  with  the  temperatiire  ;  so  that  at  121.4  it  is  equal 
to  2  atmospheres,  or  twice  the  pressure  of  the  atmosphere,  and  at 
201.9  to  16  atmospheres.  Steam  of  greater  tension  than  the 
atmospheric  pressure  is  called  hiffk-pressure  steani,  and  it  is  this 
condition  of  steam  which  is  found  above'  the  water  in  a  steam- 
boiler,  and  which  is  used  with  so  much  effect  m  the  steam- 
engine. 

(285.)  Dalton^s  Apparatus. — The  experiment  described  above, 
for  determining  the  tension  and  weight  of  a  cubic  metre  of  the 
vapor  of  water  at  different  temperatures,  was  merely  devised  for 
simplicity  of  illustration.  In  order  to  obtain  even  approximate 
results,  it  is  necessary  to  experiment  in  a  ditferent  manner  and 
on  a  very  much  smaller  scale.  The  tension  of  the  vapor  of  water 
between  0°  and  100"  can  be  measured  qiiite  accurately  by  means 
of  a  common  barometer-tube.  If  the  tube  is  filled  with  mercury 
and  inverted,  as  described  in  (157),  the  column  of  mercury  will 
stand  in  the  tube  at  the  height  of  76  c.  m.,  more  or  less,  above 
the  mercury  in  the  basin,  according  to  the  varying  pressure  of 
the  air.  Suppose,  now,  that  we  lill  the  tube  again  with  mercury, 
only  adding  at  the  top  a  few  drops  of  water,  and  invert  it  as 
before.  The  water  will  of  course  rise  to  the  surface  of  the  mei^ 
cury,  and  a  portion  of  it,  varying  with  the  temperature,  will 
evaporate  into  the  vacuum  above.  This  vapor  will  exert  a  certain 
pressure,  and  depress  the  mercury-column ;  the  amount  of  the  de- 
pression will  be  equal  to  the  difference  between  the  present  height 
of  the  column  and  that  of  the  barometer  at  the  beginning  of  the 
experiment.  Moreover,  it  will  be  exactly  the  same  as  the  height 
to  which  the  vapor  would  raise  the  mercury  of  a  barometer,  if  im- 
mersed m  it,  and  will  therefore  be  the  measiire  of  the  tension. 

The  apparatus  used  by  Dalton  in  his  determinations  of  the 
tension  of  the  vapor  of  water,  and  based  on  the  principles  just 
explained,  is  represented  in  Fig.  406.  It  consists  of  two  barom- 
eter-tubes dipping  into  the  same  basin  of  mercury.  The  first  of 
these  t\ibes,  B,  is  a  perfect  barometer.  The  second.  A,  is  a  ba- 
rometer with  a  small  amount  of  water  above  the  mercury-column. 
These  two  tubes  arc  enclosed  in  a  tall  glass  cylinder,  standing  in 
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the  basin  of  mcvcnry  and  filled  ■with  water,  whri'^e  timpoi'itnro 

can  be  regulated  by  means  of  the  furnace  below      This  tcmpeia- 

tare,  observed  by  means  of  the  ther- 
mometer T  conveniently  disposed,  is 

of  course  the  common  temperature  of 

the  twubiromPtPisandof  thevaporat 

the  topof  the  second     Inoider,then, 

to  deteimme  tlie  elistie  foioe  of  this 

vapoi,  it  IS  only  nccetiiiy  to  meas 

me  the  difteience  of  height  of  the 

two    cnlumis,     ince   tins   hcioht    r 

duLLd   t)   0°  is   the   mp^s^ll     of  its 

tension 
The  a]  piratus  of  Dalton  can  be 

uscl  so  loni^  as  the  elastic  foicp  of 

the  vipor  does  not  exceel  the  pies 

sure  of  the  atmo-^pherL      "Wii  n  the 

tension  k  equax  to  76  t,  m  ,  th      oi 

face  of  thb  mercuiy-(,ohimn  will  1  o 

depressed  to  the  levfl  of  the  meicurj 

m  the  basin,  and  thp  expeument  ib 

it  in  enl      In  oider  to  continue  the 
love   this   point,  ^  c 
can  use  a  sipln  n  yis  mi 

tube,  imerted  and 

closed  at  the  shorter  end,  as  represented  in  Fig. 
407.  The  tube  is  filled  with  mercury,  with 
the  exception  of  a  small  amount  of  water 
above  the  mercury  in  the  shorter  branch,  and 
heated  in  an  oil-bath.  The  tension  of  the 
vapor  is  evidently  equal,  at  each  moment,  to 
the  pressure  of  the  atmosphere  increased  by 
the  weight  of  the  column  C  D. 

On  account  of  the  difficulty  of  preserving  a 
constant  and  uniform  temperature  throughout 
the  whole  height  of  the  cylinder  of  water,  tlie 
method  of  Dalton  is  not  calculated  to  give 
accurate  results,  although  in  a  modified  form 
it  was  used  by  Regnault  with  great  success  for 
temperatures  beLween  0°  and  60°.     The  two 
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forms  of  apparaftis  just  described  may,  however,  he  used  for 
illustration  with  advantage  ;  only  in  this  case  it  is  as  tfcU  to 
substitute  for  the  water  some  more  volatile  liquid. 

(286.)  M(M-cet's  Globe.  —  The  tension  of  the  vapor  of  water 
above  100°  may  be  roughly  estimated  by  means  of  the  apparatus 
represented  in  Fig.  408.  It  consists  of  a  stout 
brass  globe  containing  water,  and  serving  as  a 
boiler.  Thi-ough  a  tight  packing-box  passes 
a  glass  manometer-tubo  of  about  a  metre  in 
length,whose  lower  end  opens  under  mercury 
resting  on  the  bottom  of  the  brass  boiler.  The 
globe  has  also  two  other  openings ;  one  of  these 
may  be  closed  by  a  stopcock,  and  through  tlio 
other  passes  the  tube  of  a  thermometer,  having 
its  bulb  within  the  globe.  On  commencing  the 
experiment,  the  water  is  hoiled  for  some  time 
in  order  to  expel  all  the  air,  and  tlie  stopcock  is 
then  closed.  At  this  moment  the  temperature 
of  the  steam  is  100°,  and  the  tension  76  c.  m. 
more  or  less,  according  to  the  pressure  of  the 
air.  As  soon,  however,  as  the  steam  is  pre- 
vented from  escaping  freely,  the  temperature 
of  the  globe  will  begin  to  rise,  and  at  the  same 
time  tlie  tension  of  the  confined  steam  will 
increase,  raising  the  mercury  in  the  manome- 
ter-tube. For  any  temperatiire  indicated  by 
the  thermomet*-r,  the  corresponding  tension 
of  the  vapor  will  be  found  by  adding  to  the 
height  of  the  barometer  fur  the  time  beuig  the  height  of  the 
mercury  in  the  tube,  measured  by  a  scale  provided  for  the  pui^ 
pose.  This  apparatus,  like  the  last,  is  only  calculated  for  illus- 
tration, and  yields  but  approximate  results. 

(287.)  Apparatus  of  Gay-lMssac.  —  For  measuring  the  ten- 
sion of  the  vapor  of  water  below  zero,  Gay-Lussac  employed  the 
apparatus  represented  in  Fig.  409.  It  consists,  like  the  apparar 
tus  of  Dalton,  of  two  barometer-tubes  filled  with  mercury,  the 
open  ends  dipping  under  mercury  in  the  same  basin ;  one  of 
these,  A,  which  is  straight,  and  perfectly  freed  from  air  and  mois- 
ture by  boiling  the  mercury  in  the  tube,  serves  to  measure  the 
prcssm-e  of  the  air ;  the  other  contains  a  few  drops  of  water  above 
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tlie  nicrcury-tjobiTiin,  and  it&  clohml  end  is  bent  so  th.it  it  can  be 
surrounded  bj  a  freezing  mixture,  as  represented  in  ibe  figmci 
A  tbermometer,  t,  indicates  tlie  temperature  uf  tbe  ^apor  above 
tbe  mercury-column,  and  tbe  tension  of 
this  vapor,  corresponding  to  each  temper- 
ature, is  readily  determined  by  measiu- 
ing  with  a  catbetometer  tlie  difference  of 
level  of  the  mercury  ui  tlie  two  tubes  A 
and  C.  It  will  bo  noticed  at  ouce,  tliat 
only  a  portion  of  tbe  vapor  m  tbe  tube  C 
is  exposed  to  tbe  freezing  mixture  ;  but 
it  is  an  established  principle  of  hygrom- 
etry,  tbat,  when  the  temperatures  of  tvu 
vessels  comrnvmcating-  with  each  other 
are  unequal,  the  tension  of  the  vapor  I'j 
the  same  in  both,  and  is  always  that 
which  corresponds  to  the  lotvest  temper- 
ature. The  application  of  this  principle 
in  the  above  method  is  evident. 

(288.)  Apparatus  of  Re^mult.—'£\K 
accurate  determination  of  the  tension  of 
the  vapor  of  water  at  high  temperaturob 
is  attended  with  great  difficnlties ;  but 
on  acco\int  of  tbe  importance  of  the  sub- 
ject, arising  from  its  comiection  witli  the  rig^ 
steam-engine,  no  subject   has  been  tlie 

object  of  more  careful  scientific  investigation.  It  wa'i  first  care- 
fully investigated,  m  1830,  by  a  commission  of  tbe  French  Acad- 
emy, consisting  of  Arago  and  Dulong ;  and  more  recently  it  has 
been  reinvestigated  by  Regnault  -with  his  usual  perseverance  and 
skiU.  The  results  of  liis  investigations  were  published  in  tlie 
twenty-first  volume  of  tlie  MSmoires  de  V  Acadimie  des  Sciences, 
to  which  we  havo  so  frequently  had  occasion  to  refer  in  these 
pages.  Indeed,  tbe  determinations  made  by  Eegnault  of  tbe 
compressibility  of  gases  (165),  of  their  coeificients  of  expansion 
(261),  and  of  the  coefficients  of  expansion  of  mereuiy  and  glass 
(250  and  254),  were  merely  preliminaries  to  this  main  investi- 
gation. 

For  temperatures  below  60°,  Regnault  made  use  of  tlio  same 
method  as  Dalton,  but  modified  bis  apparatus  f;o  ns  to  avoid  tlie 
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cause  of  erroi'  mentioned  in  (285).  Tlie  apparatus,  as  thus 
modified,  is  represented  in  Fig.  410,  The  open  ends  of  the  two 
barometer-tubes  t  and  t'  dip  into  the  same  basin  of  mercury, 
which  is  furnished  with  an  adjusting- 
screw,  O,  similar  to  that  described  in 
(159).  The  upper  ends  of  these  tubes 
are  enclosed  within  a  cylindrical  vessel, 
V,  made  of  sheet-metal,  and  provided 
with  a  glass  front,  through  which  the 
height  of  the  mercury-columns  may 
bo  observed.  The  tubes  pass  through 
tubulatures  in  tlie  bottom  of  the  vessel, 
and  are  secured  in  their  places  by 
indiarrubber  connector's.  The  vessel 
V  is  filled  with  water,  and  its  tempera^ 
^     ,  u^^^ij  life  ture  is  readily  kept  constant  and  uni- 

H^S  "  ■    ■    ^SB  form,  at  any  point  below  60°,  by  means 

ll  \  1 1  of  a  spirit-lamp  and  by  constant  agita- 

■1      °wr       L        *^''"' 

I        ^^^  N  jn  Qjjg  series  of  experiments,  Eeg- 

IB       I 1        I  nault  employed  two  simple  barometer- 

rig.  «o.  tubes,    one    iilled    with    perfectly    dry 

mercury,  and  the  other  containing,  in 
addition,  a  small  quantity  of  water  above  the  mereury-column. 
For  each  temperature  of  the  bath  as  indicated  by  the  thermom- 
eter, T,  he  determined  the  difference  of  level  of  the  mercury  in 
the  two  barometer-tubes.  Tins  height  reduced  to  0°  was  evi- 
dently the  measure  of  the  tension  of  tlie  vapor. 

In  another  series  of  experiments,  he  connected  with  the  upper 
end  of  the  barometer-tube  t,  by  means  of  a  copper  connector,  a 
glass  globe,  B,  having  a  capacity  of  about  500  t^^?.  A  branch, 
of  tliis  connector,  e  i,  served  also  to  connect  the  globe  with 
an  air-pump,  through  a  U  tube,  n,  iilled  with  pieces  of  pumice- 
stone  moistened  with  sulphuric  acid ;  but  before  finally  adjusting 
the  apparatus,  a  small  glass  bnlb,  completely  filled  with  water 
and  hermetically  sealed,  was  introduced  into  the  glass  globe. 
After  the  adjustments  were  completed,  the  interior  of  the  globe 
was  first  perfectly  dried  by  exliaixsting  the  air  and  allowing  it  to 
re-enter  a  great,  number  of  times  through  the  tubes  e,i,  n.  It 
was  then  exhausted  for  the  last  time  as  perfectly  as  possible,  and 
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the  tube  i  hermetically  scaled  by  the  flame  of  a  Llowpipc.  Tho 
globe  was  next  Burrounded  by  melting  ice,  aiid  the  teusioii  of  tho 
small  amount  of  air  left  in  it  carefully  determined  by  measuring 
with  a  cathetometerthe  difference  of  level  of  the  mercury  in  the 
two  barometers.  Tlie  ice  having  been  removed,  some  pieces  of 
burning  charcoal  were  now  brought  near  the  bottom  of  the  globe, 
so  as  to  break  the  glass  bulb  within  and  liberate  the  water,  which 
at  once  evaporated,  and  filled  the  globe  and  the  upper  part  of  the 
barometer-tube  t  witli  vapor.  It  only  remained  then  to  fill  the 
vessel  Fwith  water,  and  to  heat  the  bath  to  different  tempera- 
tures, when  the  depression  of  the  column  of  mercury,  measured 
in  the  usual  way,  gave  the  tension  of  the  vapor  corresponding  to 
each  temperature. 

It  has  been  already  stated,  that  the  use  of  the  apparatus  just 
described  is  limited  to  temperatures  below  60°.  In  order  to  de- 
termine the  tension  of  tho  vapor  of  water  at  higher  temperatures, 
Eegnault  resorted  to  an  entirely  different  method.  We  have 
before  seen  (282)  that  the  temperature  of  tlte  vapor  rising  from 
a  boiling  liquid  is  the  same  as  that  of  the  liquid,  and  that  its 
tension  is  always  equal  to  the  pressure  to  which  the  liquid  is 
exposed.  By  boiling  water,  then,  under  different  pressures,  and 
determining  the  temperature  at  which  it  boils,  we  shall  have  at 
once  the  tension  of  the  vapor  corresponding  to  each  tempera- 
ture. The  apparatus  represented  in  Fig.  411  was  used  by 
Rcgnault  for  this  purpose.  It  consists  of  a  copper  boiler,  C, 
connected  by  the  tube  A  B  with  a  large  globe,  M,  and  further 
connected  by  the  flexible  hose  H  H'  with  an  air-pump,  by  which 
the  pressure  on  the  siirface  of  the  water  in  the  boiler  may  be 
varied  at  pleasure.  This  steam,  as  it  rises  from  the  boiler,  is 
condensed  in  the  tube  A  B,  which  is  kept  surrounded  by  cold 
water  for  the  purpose,  and  the  temperature  of  the  globe  M  is 
also  retained  at  a  constant  point  in  a  similar  way.  The  pressure 
under  which  the  water  boils  is  accurately  measured  by  the  mar 
nometer  0,  and  the  temperature  at  which  it  boils,  when  under 
this  pressure,  is  determined  with  equal  accuracy  by  means  of 
four  thermometers,  whose  indications  serve  to  correct  each  otlier. 
Tliey  arc  inserted  into  iron  tubes  closed  at  the  bottom  and  filled 
with  mercury,  which  pass  hermetically  through  the  top  of  the 
boiler  and  descend  to  different  depths  in  the  steam  and  water  it 
contains. 

49 
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Tlic  metliod  of  using  the  apparatus  will  bo  made  clear  by  an 
example.  Let  us  suppose,  tlicn,  that  we  wish  to  measure  the 
tension  of  the  vapor  of  water  at  temperatures  between  150°  and 
100°.  We  should,  iu  the  first  place,  connect  tlie  hose  HH'  with 
a  condensing-pump,  and  force  air  into  the  globe  and  boiler  until 


the  manometer  indicated  a  pressure  in  the  interior  of  about  four 
atmospheres.  We  should  then,  by  means  of  a  charcoal-furnace, 
boil  the  water  in  the  vessel  C,  taking  care  so  to  regulate  the  heat 
that  the  steam  will  condense  in  the  tube  AB  &s  fast  as  it  forms 
in  the  boiler.  When  tliis  is  tlie  case,  tho  height  of  the  ma- 
nometer will  remain  constant  during  the  whole  course  of  the 
experiment,  provided,  of  course,  that  the  pressure  of  the  atmos- 
phere does  not  vary.  Tho  tension  of  the  steam  forming  in  the 
boiler  can  now  easily  be  determined,  for  it  must  evidently  bo 
equal  to  the  height  of  the  barometer  added  to  tho  difference  of 
level  of  the  two  mercury-columns  of  tho  manometer.  Tho  tem- 
perature of  the  steam  corresponding  to  tliis  tension  is  then  ascer- 
tained, by  merely  inspecting  the  thermometers  connected  with 
tlie  copper  boiler.     Let  us  suppose  that  the  difference  of  level  of 
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tho  mercnry-column  of  the  manomoter  when  reduced  to  0°  is 
found  to  be  254.524  c.  m.,  and  that  the  height  of  the  harometer 
at  the  time,  also  reduced  to  0°,  is  76.209  c.  m.  The  tension  of 
the  steam  is  then  equal  to  330.733  cm.  On  inspecting  the  four 
thermometers,  tbey  -were  found  to  indieate  respectively  147°.50, 
147°.49,  147°.54,  and  147°. 35,  the  mean  of  the  four  being  equal 
to  147°  .48,  which  -we  take  as  the  true  temperature.  Hence  it 
follows  that  at  147°.48  the  tension  of  the  vapor  of  water  is  equal 
to  330.783  c.  m. 

Having  determined,  as  just  described,  the  tension  of  the  vapor 
of  water  at  one  temperature,  we  sho\ild  next  diminish  the  pres^- 
sure  on  the  surface  of  the  -water  in  tho  boiler,  by  allowing  a 
portion  of  the  air  to  escape  from  the  globe.  The  boiling-point 
of  the  water  would  at  once  fall,  and  we  should  then  measure  the 
tension  and  temperatiire  corresponding  to  the  new  conditions; 
and  by  repeating  this  process  several  times,  wo  should  be  enabled 
to  fix  the  tension  and  corresponding  temperature  at  several  points 
between  150°  and  100". 

The  apparatus  just  described  was  constructed  by  Hegnault 
chiefly  to  test  the  method  on  which  it  is  based,  and  to  discover 
the  causes  of  error  to  which  the  method  is  liable.  The  appa- 
ratus actually  used  in  the  determination  of  the  tension  of  tlie 
vapor  of  water  at  temperatures  above  100",  althougli  on  precisely 
the  same  principle,  was  constructed  on  a  very  much  greater  scale, 
and  capable  of  sustaining  a  very  great  pressure.  The  copper  boiler 
had  a  capacity  of  about  70  Htres,  and  its  walls,  5  miilunetres 
tliick,  were  strengthened  by  bands  of  iron.  The  glass  globe  Jf  of 
Fig.  411  was  replaced  by  a  very  strong  copper  chamber,  having  a 
capacity  of  280  litres,  and  this  was  connected  with  tlte  boiler  by 
a  tube  arranged  exactly  as  in  the  smaller  apparatns.  The  upper 
part  of  the  chamber  was  also  connected,  on  the  one  side  witli  a 
pump  for  condensing  air,  and  on  the  other  with  a  manometer. 
This  manometer  was  the  same  as  that  used  by  Regnault  in  liis 
experiments  on  the  compressibility  of  gases,  to  which  we  have 
already  referred  in  connection  with  that  subject  (page  296). 
We  have  not  space,  however,  to  enter  into  a  detailed  descrip- 
tion of  the  apparatus.  This  will  be  found  in  Regnault's  original 
memoir.  Suffice  it  to  say,  that  every  precaution  was  talcen  to 
secure  accuracy  wliich  physical  science  could  suggest,  both  m 
tho  apparatus  and  in  tlic  method  of  experimenting.     Regnault 
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was  able  to  experiment  with  this  apparatus  np  to  a  pressure  of 
twenty-eiglit  atmospheres.  Unfortunately,  at  thirty  atmospheres 
one  of  the  bolts  which  fastened  the  iron  hands  broke,  in  con- 
sequence of  the  distention  of  the  boiler,  and  it  was  thought 
impradent  to  continue  the  experiments. 

(289.)  Discussion  of  the  Results.  —  By  the  methods  described 
in  the  last  section,  Regnault  determined  the  tension  of  the  vapor 
of  water  at  different  temperatures  between  — 32°  and  230°,  The 
intervals  of  temperature  between  the  numerous  determinations 
were  necessarily  very  irregular,  the  precise  temperature  in  each 
case  depending  on  accidental  circumstances.  This  is  shown  by 
the  following  table,  which  gives  the  results  of  a  few  only  of  the 
observations  made  by  Regnault :  — 


6. a  22 
13.305 

3o.g;i 


Prom  these  results,  however,  we  cau  easily  determine  the  tension 
corresponding  to  any  other  temperature  between  the  limits  of 
observation  by  either  one  of  two  methods. 

The  first  method  is  to  make  a  geometrical  construction  of  the 
results  of  the  experiments  similar  to  that  which  is  given  in  Pig. 
412.  In  this  figure,  the  abscissas  of  the  curve  abed  are  the 
degrees  of  temperature  ;  tlie  ordinates  are  the  corresponding 
tensions  in  atmospheres.  The  curve  is  constructed  through  the 
points  indicated  on  the  figure  by  dots,  and  tliese  were  fixed  by 
the  observations  marked  with  a  stai-  in  the  above  table.  By 
means  of  this  curve  we  can  evidently  ascertain  at  once  the  ten- 
sion at  any  intermediate  temperature,  and  prepare  a  table  similar 
to  that  on  page  571.  The  scale  of  Fig.  412  is,  however,  alto- 
gether too  small  to  furnish  even  approximate  results ;  but  on 
tlie  plate  accompanying  Regnault's  memoir  the  same  curve  will 
ba  found  drawn  on  a  scale  which  is  suitable  for  the  purpose. 
The  curve,  even  as  drawn  in  our  figure,  will,  however,  convey 
to  the  mind  a  far  better  conception  of  the  rapidity  with  which 
the  tension  of  the  vapor  of  water  increases  with  the  temperature, 
than  could  be  given  by  a  column  of  numbers. 

The  second  method  of  determining  the  tension  at  tcmperat^ires 


d  by  Google 


HEAT.  681 

intermediate  between  tiiosc  at  which  it  lias  been  actually  observed, 
consists  in  \ising  empirical  formula;  similar  in  principle  to  those 
■which  we  have  previously  em- 
ployed to  express  the  solubility 
of  salts  in  water,  or  the  rate  of 
expansion  of  liquids  at  different 
temperatures.      At  least   tliirty 

such  formulfe  have  been  proposed 

at  different  times  for  the  purpose, 

which  agree,  with  more  or  less 

accuracy,  with  different  sets  of  ob- 
servations.   The  determinations 

of  Itegnault   agree  very  nearly 

with   the   following  exponential 

formula  proposed  by  Biot :  — 

in  which  [199.] 

.1;  =  i  +  20°. 

The  five  constants  of  this  for- 
mula were  calculated  by  Reg- 
n  a  u  1 1  ^^__^_ 

from  5 
observ- 
ed val- 
ues of  i 
and  i), 
taken 
at  in- 
terval s 
of  sixty 
degi'ecs 
between  —20°  and  220%  and  were  found  to  be 

A  =  6.2640348 
log  B  =  0.1397743 
log  a  =  0.6924351 
log  «  =  9.9040493 
log  (3  =  9.9983438 

By  means  of  this  formula  we  can  calculate  the  tension  of  the 
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vapor  of  water  at  any  temperature  within  the  limits  of  the  obser- 
vations, with  as  great  accuracy  as  that  of  tiie  experimental  data 
on  which  tiie  formula  is  based ;  but,  like  other  empirical  formulse, 
it  cannot  be  relied  upon  if  the  tempei-ature  much  exceeds  these 
limits  on  either  side.  In  calculating  the  table  on  page  571, 
Regnault  used  the  formula  and  constants  just  given  for  all  tem- 
peratures hetween  100°  and  230°,  but  for  lower  temperatures  he 
found  it  best  to  use  two  similar  formulae  with  different  constants. 

(290.)  Formation  of  Vapors  of  different  Liquids.  — The  laws 
of  the  formation  of  the  vapor  of  water,  which  have  been  enun- 
ciated in  the  last  few  sections,  also  hold  true  for  the  vapors  of 
other  liquids.  If  instead  of  water  we  should  introduce  into 
tlio  vessel  of  one  cubic  metre  capacity  assumed  in  (284)  a  small 
amount  of  alcohol,  etlier,  sulphide  of  carbon,  or  any  other 
liquid,  it  would  be  found  that  for  any  given  temperature  a  cer- 
tain fixed  weight  of  each  of  these  liquids  would  evaporate,  and 
that  tlie  vapor  formed  would  have  a  certain  fixed  tension.  If  the 
temperature  were  increased,  more  liquid  would  evaporate  into 
the  cubic  metre,  and  the  atmosphere  of  vapor  formed  would  have 
a  greater  tension  ;  and  if  the  temperature  were  diminished,  both 
the  weight  of  the  cubic  metre  of  vapor  and  its  tension  would  be 
less.  Furthermore,  tlie  tension  of  the  vapor  at  different  temper- 
atures could  be  determined  by  the  same  methods  iised  in  the  case 
of  water,  and  we  could  make  for  each  liquid  a  table  similar  to 
that  on  page  571.  Eegnault*  has  furnished  us  witli  such  a  table 
for  five  of  the  most  familiar  liquids.  This  table,  which  gives, 
however,  only  the  tensions  of  the  vapors,  will  be  found  on  the 
opposite  page.  The  weight  of  one  cubic  metre  of  each  vapor 
can  readily  be  calculated  for  each  temperature  by  means  of  the 
formulfe  which  will  be  developed  in  the  next  chapter. 

It  has  already  been  stated  (282),  that  at  the  boiling-point  the 
tension  of  the  vapor  of  any  liquid  is  exactly  equal  to  the  pressure 
of  the  atmosphere,  and  Dalton  supposed  that  at  temperatures 
equally  distant  from  their  respective  boiling-points  the  vapors  of 
all  liquids  were  approximatively  equal  in  tension.  If  this  principle 
(which  is  usually  known  under  the  name  of  Dalton's  law)  were 
true,  we  coiild  easily  calculate  from  tlie  tension  of  the  vapor  of 
water  that  of  any  other  liqiiid.  Suppose,  for  example,  it  was  re- 
quired to  ibid  the  tensionof  the  vapor  of  ether  at  50°,  which  is  15° 

*  Comptca  Rciidiis,  Tom.  XXXIX.  ]i.  fiOl. 
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81.28 

94.72 
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262.31 
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110 
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35.18 
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07.62 

413.63 

302.0 
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381.8 

25.70 

130 
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472.1 

34.70 

136 

702.92 

140 
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46.23 

150 
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61.73 
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77.72 
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98.90 
122.50 
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151.47 

200 

186.56 

210 

225.12 

220 
222 

277.85 

above  its  boiling-point.  According  to  tlic  above  principle,  this 
tension  is  tlio  same  as  that  of  the  vapor  of  water  at  115°,  or  126.9 
e.  m.,  a  number  whicli  differs  but  very  slightly  from  tliat  deter- 
mined by  actual  experiment,  and  given  in  the  foregoing  table.  It 
has  been  shown,  however,  by  the  investigations  of  Eegnault,  that 
Dalton's  law  is  not  absolutely  rigorous,  and  at  large  distances 
from  the  boiling-point  is  so  far  from  coinciding  witii  the  facts, 
that  it  cannot  be  relied  upon  except  for  furnishing  the  first  rougli 
approximation  to  the  actual  tension  of  a  volatile  liquid. 

It  follows  at  once  from  the  law  of  Dalton,  that  at  any  given 
temperature  different  liquids  may  have  very  unequal  tensions, 
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and,  moreover,  iiiat  in  any  ono  case 
the  tension  must  be  tho  greater  the 
lower  the  boiling-point  and  hence  the 
more  volatile  the  liquid.  These  facts 
may  be  ilhistrated  by  means  of  the 
apparatus  represented  in  Fig.  413, 
It  consists  of  four  barometer-tubes, 
all  dipping  into  the  same  basin  of 
faiercury.  The  first  at  the  left  is  a 
perfect  barometer,  and  therefore  in- 
dieates  the  pressure  of  the  air ;  bitt 
the  others  contain  a  few  drops  of 
some  volatile  liquid  above  the  mer- 
cury-column. The  tension  of  the  va- 
por of  these  liquids  is  measured,  of 
course,  by  the  depression  of  the  mer- 
cury ;  this  will  be  found  to  be  greater 
in  proportion  a<<  the  boiling-point  is  lower. 

(291.)  Matimvm  Tensim  of  Vapors.  —  The  vapor  of  any 
liquid  which  foiins>  m  a  confined  space  and  in  the  presence  of 
an  excess  of  the  liquid,  has  always  the  greatest  tension  which 
the  vapoi  can  have  at  the  given  temperature.  To  recur,  for  ex- 
ample, to  our  previous  illustration :  at  the  temperature  of  20°, 
there  would  form  in  the  vessel  described  in  (284)  a  cubic  metre 
of  vapor  weiglimg  17.155,  and  having  a  tension  equal  to  1.739 
e.  m.,  provided  only  an  excess  of  water  were  present.  Now  this 
is  the  greatest  tension  which  the  vapor  of  water  can  have  at  20°. 
If  by  mechanical  means,  aa  by  sinking  a  piston  in  a  cylinder,  we 
attempt  to  increase  the  elasticity  of  the  vapor  without  chaiiging 
tlie  temperature,  we  find  that  it  is  at  once  condensed  to  liquid 
water,  and  that  its  tension  remains  constant  at  1.739  c.  m.  until 
all  the  vapor  has  disappeared.  On  now  raising  tlie  piston,  the 
space  will  be  filled  again  with  vapor ;  but  so  long  as  a  drop  of 
water  remains  in  the  cylmder,  the  tension  of  tiiis  vapor  will 
still  be  equal  to  1.739  c.  m.  If,  however,  after  all  the  water  has 
evaporated,  we  still  continue  to  enlarge  the  capacity  of  the  cylin- 
der, then  the  vapor  will  act  like  a  gas,  and  its  tension  will  dimin- 
ish, in  accordance  with  the  law  of  Mariotte  ;  compare  (156. 3)  and 
(163).  In  the  above  illustration  we  have  assumed  that  the  tem- 
perature of  the  vessel  was  constant  at.  20= ;  but  the  same  principle 


d  by  Google 


585 


is  eqiially  true  at  all  temperatures  and  for  all  liquids,  and  all  the 
tensions  given  in  the  tables  on  pages  571  and  583  are  the  maxi- 
mum  tensions  possible  at  the  respective  temperatures. 

This  principle  may  be  illustrated  expermientally  by  means  of 
the  apparatus  represented  in  Fig.  414.  Jt  consists  of  a  barom- 
eter-tube and  a  deep  mercury  cistern,  in  "which 
the  tube  can  be  entirely  immersed.  In  order 
to  mount  the  apparatus,  the  tube  is,  in  the 
first  place,  nearly  filled  with  merciiry,  ■which 
is  boiled  to  expel  the  air,  and  then  the  rest  of 
the  tube  filled  with  ether.  On  inverting  the 
tube  and  plunging  the  open  end  under  the 
mercury  of  the  cistern  in  the  usual  way,  the 
ether  rises  to  the  top  of  the  tube,  and  a  part 
remains  liquid,  while  the  rest  forms  a  va- 
por which,  at  the  ordinary  temperature  of 
t!ie  air,  depresses  the  mercury-column  about 
36  c.  m. ;  so  that  the  mercury  stands  in  the 
tube  at  40  c.  m.,  instead  of  76  c.  m.,  above 
the  level  of  the  mercury  in  the  cistern.  The 
tension  of  ether  vapor  at  the  ordinaiy  temper- 
ature is  consequently  36  c.  m.  If  now  we 
attempt  to  increase  the  tension  of  this  vapor, 
and  consequently  diminish  its  volume,  by  sink- 
ing the  tiibe  in  the  cistern  (Tig.  414),  we 
shall  find  tliat  a  portion  of  the  vapor  will  con- 
dense ;  but  the  mercury-column  will  remain 
at  the  same  height  in  the  tube,  proving  that 
the  vapor  which  is  still  uncondensed  has  the 
same  elasticity  as  before.  On  continuing  to 
depress  the  tube,  it  will  be  found  that  the 
height  of  tlie  mercury-column,  and  conse- 
quently the  tension  of  the  vapor,  will  remain 
absolutely  the  same  imtil  the  last  bubble  has 
been  condensed.  This  proves  that  36  c.  m,  is  the  maximum 
tension  whicli  tlie  vapor  of  ether  can  be  made  to  assume  at  the 
ordinary  temperature  of  the  air. 

(292.)  Gases  and  Vapors. — The  principles  of  the  last  section 
furnish  a  convenient  ground  of  distinction  between  gases  and 
vapors.     It  is   usual  to  apply  the  term  vapor  to  sucli  aeriform 
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substances  as  are  easily  condensed,  cither  by  pressure  or  by  cold, 
into  liquids,  and  wliicb,  under  tiie  ordinary  conditions  of  atmos- 
pheric temperature  and  pressure,  exist  in  the  liquid  state.  This 
definition,  however,  is  purely  artificial,  and  makes  no  essential 
distinction  between  a  gas  and  a  vapor  ;  and  we  therefore  prefer 
to  disfingnish  by  the  word  vapor  the  peculiar  condition  of  aeri- 
form matter  when  it  is  at  the  point  of  maximum  tension.  Ac- 
cording to  this  definition,  a  vapor  is  a  condition  of  aeriform  mat- 
ter which  obeys  the  law  of  Mariotte  when  its  volume  is  increased, 
but  which,  if  tlie  volume  be  diminished,  is  in  part  changed  into 
a  liquid ;  a  gas,  on  the  other  hand,  is  a  condition  of  aeriform 
matter  which  obeys  the  law,  whether  ite  volume  be  increased  or 
diminished.  We  may  also  define  a  vapor  as  that  condition  in 
which  a  gas  exists  the  moment  before  its  change  of  state. 

This  distinction  between  a  gas  and  a  vapor  will  be  made  clearer 
by  pursuing  still  further  the  illustration  of  the  last  section.  Let 
us  suppose  that  we  have  a  cylindrical  vessel  exposed  to  the  tem- 
perature of  130°,  and  filled  with  steam  having  a  tension  equal  to 
98.956  c.  m.  By  refen-ing  to  Table  IX.  of  the  Appendix,  it  will 
he  seen  that  the  maximum  tension  of  the  vapor  of  water  at  130° 
is  203.028.  Now,  if  there  were  in  tlie  vessel  a  supply  of  water, 
the  liquid  would  continue  to  give  off  vapor  until  this  tension  was 
attained.  But  we  will  assume  that  there  is  no  liquid  water  pres- 
ent, and  that  the  cylinder  is  filled  with  expanded  steam.  Under 
these  circumstances,  the  steam  must  retain  the  tension  of  98.956 
c.  ra-  so  long  as  botli  the  temperature  and  the  volume  remain 
unchanged. 

If  now,  keeping  the  temperature  constant,  we  increase  the  ca- 
pacity of  ilie  cylinder  by  raishig  the  piston,  the  steam  will  expand, 
and  its  tension  will  diminish  in  accordance  with  Mariotte's  law. 
When  the  volume  is  doubled,  the  tension  will  be  found  to  be 
49,478  c.  m. ;  when  quadrupled,  the  tension  will  be  reduced  to 
24.T39  c,  m. ;  and  in  any  case  we  can  find  the  tension  corre- 
sponding to  the  increased  volume  by  the  proportion  * 

V:    V  =  §'  :  ^.  [200.] 

*  This  equa^on  is  merely  [98],  sabstitating  §  and  )§'  for  fl"and  H'.  Tho  stn- 
dent  must  be  careful  to  bear  in  mind  that  the  tension  of  a  gne  is  always  equal  to  the 
preseuiT!  to  -which,  it  is  exposed  (149)-  Wo  here  ieavo  out  of  the  account  anj  deviation 
from  Mariotte's  law,  which,  noTarthelcss,  may  ho  very  considerable  aa  the  point  of  con- 
densation  is  approached  (165  and  1116). 
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Moreover,  ■when  tlic  volume  has  been  only  so  far  increased  that 
tlie  tension  of  the  steam  has  been  reduced  to  76  c.  m.,  it  is  then 
in  the  same  condition  as  that  in  which  a  gas  (like  sulphurous 
acid,  for  example)  exists  at  the  ordinary  temperature.  It  ■will 
sustain  the  pressure  of  the  atmosphere,  and,  were  the  tempera- 
ture of  the  laboratory  as  high  as  130°,  it  might  be  collected  over 
a  mercury  trough  and  transferred  from  one  jar  to  another,  like 
any  other  gas- 
Again,  if,  still  keeping  the  temperature  constant  at  130°,  ■we 
no'w  lessen  the  capacity  of  the  cylinder  by  sinking  the  piston, 
the  tension  of  the  confined  steam  ■will  be  increased  up  to  a  cer- 
tain point  in  accordance  "with  Mariotte's  law ;  in  otlier  words, 
it  will  manifest  all  the  characters  of  a  gas,  and  its  tension  at 
any  degree  of  condensation  may  be  calculated  by  tlie  same  for- 
mula as  before.  If,  however,  we  continue  to  sink  the  piston 
until  the  volume  of  the  steam  is  reduced  to  a  little  less  tlian  one 
half  of  its  original  Tolume,  and  the  tension  increased  to  203.028 
c.  m.,  we  shall  reach  a  point  at  whicli  the  steam  suddenly  ceases 
altogether  to  obey  the  law  of  Mariotte  ;  and  if  we  sink  the  piston 
still  further,  the  tension  will  not  increase  in  the  slightest,  but  a 
portion  of  the  steam  will  be  changed  into  water,  and  this  change 
will  proceed  until  the  piston  reaches  the  bottom  of  the  cylinder, 
the  tension  all  the  time  remaining  constant  at  203.028  c.  m.  It 
is  to  this  pectiliar  condition  of  aeriform  matter  that  we  give  the 
name  of  vapor. 

Returning  now  to  the  initial  condition  of  the  cylinder,  ■when  it 
is  filled  with  steam  at  the  tension  of  98.956  c.  m.,  let  us  vary  the 
temperature,  ■while  we  keep  the  volume  absolutely  constant.  If 
we  increase  the  temperature,  we  shall  inci'ease  the  tension  of  the 
confined  steam,  according  to  the  same  law  by  which  the  tension 
of  a  confined  mass  of  air  would  be  increased  under  the  same 
circumstances.  If,  on  the  other  hand,  we  lessen  the  tempera- 
ture, ■we  shall  diminish  the  tension  of  the  confined  steam,  accord- 
ing to  the  same  law  as  before,  until  we  reach  a  temperature  at 
■which  tlio  tension  of  the  steam  is  the  maximum  tension  for  that 
temperature.  Then,  on  still  further  cooling  the  cylinder,  a  por- 
tion of  tlie  steam  ■will  change  into  water,  and  the  tension  of  the 
remaining  vapor  will  be  found  to  be  the  maximum  tension  corre- 
sponding to  tlie  reduced  temperature. 

If  wo  know  the  tension  of  a  confined  mass  of  gas  at  any  given 
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temperature,  we  can  always  readily  calculate  its  tension  for  any 
otlier  tempei-ature,  assuming,  as  we  have  above,  that  the  volume 
does  not  change.  Let  V  represent  the  volume  of  a  gas  which 
has  a  tension  ^  at  f.  The  volume  of  this  mass  of  gas  at  t'",  if 
allowed  to  expand  freely,  the  tension  remaining  constant,  would 
be,  by  [184],  V(l  +  0.00366  [t'  —  tj).  If  now  this  increased 
volume  is  reduced  by  pressure  again  to  F,  the  tension  (which 
was  before  ^)  will  of  course  be  increased,  and  we  shall  evidently 
have  the  same  condition  as  if  the  gas  had  not  been  allowed  to 
expand.     But  we  have,  by  [200], 

V(l-\- 0.00366  [('  —  tj)  :  V^  €)' :  i)  , 

and  hence  wo  obtain  for  the  value  of  the  increased  tension, 

j^'  ^  Ig  (1  +  0.00366  [i'  — *]).  [201.] 


Applying  now  this  formula  in  ilie  example  under  dis 
we  should  find   that  the   steam,  whose   tension  was   equal   to 
98.956  c.  m.  at  130°,  would  have  at  105°  a  tension  of 

15  =  98.956  -^  (1  +  0.00366  X  25)  ^  90.641  c.  m.  ; 
and  on  referring  to  the  table,  it  will  be  seen  that  this  is  the 
maximum  tension  which  steam  can  have  at  106°.  Hence  at  tliis 
point  the  steam  assumes  the  condition  of  vapor.  By  the  same 
formula,  it  will  appear  tliat  at  104°  the  tension  of  the  steam  would 
be  90.334  c.  m.,  but  by  the  table  87.541  c.  m.  is  the  maximum 
tension  possible  at  104° ;  as  much  vapor  will,  therefore,  be  con- 
densed to  water  as  is  necessary  to  reduce  the  tension  to  this 
amount.  The  same  %vill  be  true,  to  a  still  greater  degi-ee,  at 
any  lower  temperature. 

(293.)  Distillation.  —  It  has  now  been  shown,  first,  that  the 
tension  of  the  vapor  wliich  rises  from  a  boiling  liquid  is  always 
equal  to  the  pressure  of  the  atmosphere ;  secondly,  that  tliis  ten- 
sion is  the  maximum  tension  possible  for  the  temperature,  so  that 
if  the  volume  is  reduced  by  mechanical  means  the  tension  is  not 
increased,  but  a  portion  of  the  vapor  is  condensed  to  the  liquid 
state.  From  tliese  two  facts  it  follows,  as  a  necessary  conse- 
quence, that  a  vapor  will  be  condensed  to  a  liquid  by  the  pres- 
sure of  the  atmosphere,  if  its  temperature  falls  below  the  boiling- 
point  of  this  liquid  (except  under  the  conditions  hereafter  to  bo 
considered,  when  the  vapor  is  diffused  through  the  atmospliere 
itself). 
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The  process  of  distillation,  -wliinh  is  used  in  the  irts  for  the 
purpose  of  separating  a  "volatile  subotance  fiom  one  that  is  fixed 
01-  less  volatile,  is  a  duect  dlustiation  of  this  pimciple  The 
simplest  apparatus  for  thu  puiposc  is  leprebenteil  in  Fig  415. 


Tht-h^udisl  ilel  in  a  glassietoit  inlth  i  apor -which  is  thus 
foimed  s  conducted  into  a  lece-vti  wheie  it  is  cooled  below  the 
boihng  point,  and  a^'im  ledu  ed  to  the  liquid  state.  Since  glass 
vessels  when  exposed  to  a  naked  fire  are  liable  to  break,  tlie  body 
of  the  retort  is  usually  protected  by  placing  it  witliin  an  iron  pot 
and  surrounding  it  with  sand.     Such  an  arrangement  is  i 


a  sand-bath,  or,  tvhoii  water  is  used  in  the  place  of  sand,  a  water- 
hath.     Another  form  of  distillatory  apparatus  is  represented  in 
Fig.  416.     Here  tlio  neck  of  the  retort  is  connected  with  what  is 
50 
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usually  termed  a  Liebig's  condenser.  It  consists  of  a  tube 
of  glass,  which  is  kept  cold  by  a  current  of  water  circulating 
through   a   copper  cylinder,  which  surrounds  it.     In  the   com- 


mon still,  Pig.  417,  a  laigc  copper  boilei  supplies  the  place  of 
the  retort,  and  the  vapor  is  condensed  m  a  spiral  tube  of  cop- 
per, called  a  worm,  wluch  is  kept  immersed  in  a  tank  of  cold 
water. 

Since  the  boiling-pomt  of  a  liquid  is  reduced  in  proportion  as 
the  atmospheric  pressure  is  removed,  it  is  sometimes  advantageous 
to  conduct  tlie  process 
of  distillation  in  a  par- 
tial vacuum.      This  is 
especially  the  case  with 
some  organic  substances 
which  have  a  high  boil- 
ing-point   and  are    de- 
composed by  heat.    The 
apparatus     represented 
in  Fig.  418  is  adapted 
for  this  pniposc.     The  rctoit  A  is  connected  by  an  hermetically 
sealed  joint  with  the  receiver  B,  and  this  again,  through  the  tube 
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r,  with  an  air-pnmp,  by  which  the  pressure  on  the  siirfacc  of  the 
hquid  m  the  retort  may  be  very  greatly  reduced.  The  same 
principle  is  applied  in  the  sugar  refineries  in  order  to  concen- 
trate syrups  at  a  low  temperature  (vacuum-pans). 

(294.)  Steam-Bath.  —  The  fact,  that  the  temperature  of  boil- 
ing water  and  of  the  steam  rising  from  it  is  constant  at  100°, 
is  frequently  applied  in  the  laboratory  when  it  is  important  to 
maintain  a  moderate  and  constant  degree  of  heat  for  a  lengtli 
of  time.  The  arrangement  which  is  usually  adopted  for  evapo- 
rating hquids  at  100"  is  represented  in  Fig.  419.  The  porcelain 
evaporating-dish  rests  on  the  rim  of  a  hemispherical  vessel  of 
copper,  in  which  water  is  kept  constantly  boilmg  by  means  of  a 
spirit-lamp. 


For  drying  precipitates,  or  for  expelling  the  water  of  crystalli- 
zation from  a  salt,  the  chemist  frequently  uses  a  steam-bath  like 
the  one  represented  hi  Fig.  420.  This  is  simply  a  copper  oven 
witli  double  sides,  which  is  maintained  at  100°  by  boiling  the 
water  which  partially  fills  the  cavity  between  the  inner  and  outer 
lining  of  the  oven. 

(295.)  Papin's  Digester.  —  Water,  when  enclosed  in  a  strong 
vessel,  can  be  heated,  as  we  have  seen,  to  a  temperature  very 
much  above  100° ;  and  this  fact  is  advantageously  applied  in 
Papin's  Digester,  which  is  very  useful  in  the  laboratory  when  it 
is  required  to  expose  substances  to  the  action  of  water  at  a  tem- 
perature between  100°  and  200°  for  a  length  of  time.     It  consists 
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^encrill\  of  a  thick  (ylindrical  vessel  of  brass,  D,  Pig.  421, 
I  liy  a  tliick  co^er  of  the  same  material,  wliich  is  kept  in 
liy  the  sciew  B  S.  A  safety-valve,  op  A,  serves  to 
regulate  the  pressure,  and  thus 
the  temperature  of  the  water, 
as  well  as  to  insure  the  safety 
of  the  apparatus.  The  details 
of  the  construction  of  the  safety- 
valve  are  given  in  Fig.  440.  This 
digester  can  also  he  used  with 
great  advantage  to  produce  chem- 
ical reactions  which  could  not  be 
readily  obtained  under  tlie  pres- 
sure of  the  air.  For  this  pur- 
pose, the  substances  are  sealed 
up  together  in  glass  tubes,  and 
exposed  to  the  temperature  of  the 
overheated  water,  and  any  inte- 
rior pressure  resulting  from  the 
evolution  of  gas  in  the  tube  is 
more  or  less  balanced  by  the  ex- 
terior pressiu'e  of  the  confined  steam. 

(29£i,)  Condensation  of  Gases.  —  There  are  many  substances 
which  boil  at  so  low  a  temperature  that  they  retain,  at  the  ordi- 
nary temperature  of  the  atmospliere  and  under  the  usual  pressure, 
the  condition  of  a  gas.  The  boiling-points  of  a  number  of  such 
substances  are  given  in  the  following  table  :  — 


He  121 


Sulphurous  Acifl, 

Cyanogen, 

Ammonia, 

Arsenide  of  Hydrogen,  . 


—10      Sulpiride  of  Hydrogen, 
—20      Hydrochloric  Acid, 
—36      Carbonic  Acid, 

—58  I  Protoxide  of  Niti-ogen, 


-73 


All  these  substances  manifest,  at  the  ordinary  temperature  of 
the  air,  the  same  physical  properties  which  steam  would  manifest 
at  130°,  as  described  in  (292)  ;  and  if  in  either  case  the  temper- 
ature of  the  gas  is  reduced  below  the  boiling-point,  then  the 
tension  of  the  vapor  will  be  reduced  to  less  than  76  c.  m.,  and 
the  gas  will  be  condensed  to  a  liquid  by  the  pressure  of  the  air, 
exactly  as  in  the  process  of  distillation. 
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This  fact  is  illustrated  by  the  common  method  of  preparing 
liquid  sulphurous  acid.  This  gas,  which  is  generated  by  heating 
together  metallic  mercury 
and  strong  sulphuric  acid 
in  a  glass  retort  (Fig.  422), 
is '  passed  into  a  U  tube 
surrounded  by  a  mixture 
of  ice  and  salt,  where  it 
collects  aa  a  liquid.  Had 
we  the  means  of  pro- 
ducing readily  a  sufficient 
degree  of  cold,  we  might 
easily  condense  to  liquids  ri,  i.' 

tlie  other  gases  in  the  same  way. 

For  any  given  temperature,  the  vapor  of  each  of  the  substences 
included  in  the  above  table  has,  like  the  vapor  of  water,  a  definite 
maximum  tension,  which  it  cannot  exceed;  and  if  we  had  the 
requisite  data,  we  could  malte  out  for  each  one  a  table  of  maxi- 
mum tensions  at  different  temperatures  similar  to  the  tables  on 
pages  571  and  583.  Bunsen  has  furnished  us  with  such  a  table 
for  the  first  three  substances. 


10 
—5 


25 


293 
354 


Moreover,  what  was  shown  in  (292)  to  be  true  in  regard  to 
steam  at  130"  is  equally  true  of  these  gases  at  the  ordinary  tem- 
perature of  tiie  air.  If,  for  example,  we  suppose  the  cylinder,  so 
often  referred  to,  to  be  filled  with  sulphurous  acid  gas,  and 
maintained  at  a  constant  temperature  of  15°,  we  should  find,  on 
I  down  the  piston,  that  the  tension  would  increase  as  the 
50* 
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volume  diminislied,  until  it  became  equal  to  293  c.  m. ;  but  on 
still  furtlier  reducing  tbe  volume,  the  gas  would  liquefy.  Tho 
same  would  be  true  of  cyauogeu  when  the  tension  became  equal 
to  333  c,  m.,  and  of  ammonia  when  it  became  eqiial  to  578  c.  m., 
assuming,  of  course,  that  the  temperature  of  the  cylinder  is 
maintained  constant  at  15°.  If  the  temperature  is  diminished, 
the  gases  cannot  acquire  so  great  a  tension  ;  if  it  is  raised,  the 
tension  may  be  greatly  increased. 

These  facts  may  be  very  elegantly  illustrated  by  means  of  the 
s  represented  in  Tig.  423.  It  consists  of  an  iron  cistern, 
A,  filled  with  mercury,  and  closed 
on  all  sides  with  the  exception  of 
five  circular  apertures  through  the 
top.  Into  four  of  these  may  be 
screwed  the  iron  tubes  a,  b,  c,  and 
d,  which  reach  to  the  bottom  of 
tho  cistern.  These  tubes  are  pro- 
vided with  a  broad  shoulder,  and 
are  screwed  down  upon  lead  wash- 
ers with  a  wrench,  so  as  to  enable 
the  joint  to  resist  a  pressure  of 
ten  or  twelve  atmospheres  with- 
out yielding.  Into  the  open  ends 
of  these  iron  tubes  the  glass  tubes 
1, 2, 3,  and  4  are  cemented.  They 
are  about  one  centimetre  in  diam- 
m,  4S3  eter  and  closed  at  tlie  top.    When 

the  apparatus  is  in  use,  one  of  the 
tubes  may  be  filled  with  air,  and  the  other  three  with  ammonia, 
cyanogen,  and  sulphurous  acid,  respectively.  By  the  fifth  aper- 
ture, e,  the  interior  of  tlie  mercury-cistern  connects  with  the 
force-pump  P,  through  the  tube  g ;  and  by  this  water  may  be 
forced  in  aipon  the  siirface  of  the  mercury.  The  pressure  thus 
exerted  will  cause  the  mercur)'  to  rise  in  the  several  tubes,  and 
as  the  volumes  of  the  confined  gases  are  diminished,  it  will  be 
noticed  that  their  tension  rapidly  increases.  This  tension,  which 
is  evidently  the  same  in  all  four  tubes,  is  measured  by  the  tube 
containing  air,  which  serves  as  a  manometer  (168.  3).  If  the 
temperature  of  tho  apparatus  is  kept  constant  at  15°,  the  tension 
will  increase  until  it  is  equal  to  293  c.  m.  ;  then  the  sulphurous 
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acid  will  begin  to  liqiiefy,  and  the  tension  will  remain  equal  to 
293  cm.  until  all  tiiis  gas  has  disappeared.  It  will  then  again 
increase  until  it  reaches  333  c.  m.,  when  the  cyanogen  will 
liquefy ;  and,  finally,  after  this  gas  has  also  been  reduced  to  a 
liquid,  the  tension  will  increase  again  until  it  becomes  equal  to 
578  c,  m.,  when,  last  of  all,  the  ammonia  will  liquefy.  If  now 
we  remove  tlie  pressure  by  opening  the  stopcock,  which  vente  the 
water  from  the  cistern,  the  liquids  will  be  seen,  one  after  the 
other,  to  boil  violently,  and  return  to  the  condition  of  gas. 

Since  the  tension  of  a  gas  is  always  equal  to  the  pressure  to 
which  it  la  exposed,  it  follows  that  any  gas  will  be  condensed  to 
a  liquid  if  it  is  exposed  to  a  pressure  which  is  greater  than  its 
maximum  tension  at  the  given  temperature.  Tlie  maximum 
tensions  of  a  number  of  gases  at  0°  arc  approximatively  as  fol- 
lows :  ~ 


Maximum  Tension  at  0°  C. 


Sulphurous  Acid, 
Cyanogen,      . 
lodohydric  Acid, 
Ammonia, 
Arsenide  of  Hydro 


1.53 
2.37 
8.97 
■1.40 


Chlorine,  , 

Sulphide  of  Hydrogen,  . 
Clilorohydric  Acid,    . 
Protoxide  of  Nitrogen, 
Carbonic  Acid, . 


And  if,  in  either  case,  the  temperature  being  at  0°,  the  gas  is 
exposed  to  a  greater  pressure  than  the  tension  indicated  in  the 
table,  it  will  be  condensed  to  a  hquid.  If  the  tempei-ature  is 
higher,  the  pressure  required  in  each  case  will  be  greater.  If  the 
temperature  is  lower,  the  pressure  required  will  be  less  ;  and  if 
in  either  case  the  temperature  is  reduced  below  tlie  boiling-point 
of  the  substance,  tlie  gas  will  be  condensed,  as  we  have  seen,  by 
the  pressure  of  the  air  alone.  It  is  evident  that,  in  condensing 
gases  to  liquids,  a  great  advantage  is  gained  by  reducing  the 
temperature  as  low  as  the  circumstances  will  permit,  and  hence 
it  is  usual  to  employ  both  pressure  and  cold  for  the  purpose. 
Several  of  the  processes  in  use  are  as  follows. 

The  simplest  method  of  condensing  gases  consists  in  generat- 
ing a  large  volume  of  the  gas  from  the  proper  chemical  materials 
in  a  conhnod  space.  This  method  was  used  by  Faraday  in  his 
original  experiments  on  this  subject.     He  generated  the   gas  in 
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one  Olid  of  a  strong  glass  tube,  bent  at  the  middle,  as  represented 
in  Fig.  424,  and  hermetically  sealed.  The  gas  aecumulating  in 
tlie  confined  space  exerted  a  gi'eat  pressure 
against  the  sides  of  the  tube,  and  ivhen  this 
pressure  became  equal  to  the  maximum  ten- 
sion, a  portion  of  the  gas  was  condensed  to  a 
rig.  ^ii.  liquid.     This  collected  in  the  other  end  of  the 

tube,  ■which  was  immersed  in  a  freezing-mixture  to  facilitate  tlie 
process.  With  this  simple  apparatus  Faraday  succeeded  in 
liquefying  sulphurous  acid,  cyanogen,  chlorine,  ammonia,  sul- 
phide of  hydrogen,  carbonic  acid,  muriatic  acid,  and  nitrous 
oxide  gases 

The  principle  of  Faiaday's  condensing  tubes  was  afterwards 
applied  by  TlnloiiLi  to  condensing  carbonic  acid  gas  on  a  large 


scik  The  ippintu'^  which  he  deiibed  for  the  puiposi  is  repre 
sented  in  Fig,  425.  It  consists  of  two  cylindrical  vessels  of  iion, 
made  exceedingly  strong,  and  of  the  capacity  of  ibout  eight  hties 
each.  They  are  closed  by  valve  stopcocks  of  peculiai  constiuc- 
tion,  which  screw  into  the  necks  of  the  two  vessels  and  can  be  le 
moved  at  pleasure.  By  means  of  the  copper  connecting  tube  F, 
which  can  be  attached  by  couplers  to  the  discharging  oiifiee  of  the 
valves  D  and  N,  the  two  cylinders  may  be  united  when  necessary. 
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111  order  to  use  the  apparatus,  the  Talve  C  is  removed  from 
tlie  cylinder  J.,  called  the  gonorator,  and  a  charge  is  introduced, 
consisting  of  one  kilogramme  of  pulverized  bicarbonate  of  soda 
mixed  with  a  litre  of  lukewarm  water.  After  this  has  been 
poured  into  the  cylinder,  a  long  cylindrical  vessel  (-E),  contain- 
ing about  650  grammes  of  common  oil  of  vitriol,  is  carefully  let 
down  by  a  hook  without  spilling.  The  valve-cock,  having  been 
first  carefully  closed,  is  now  screwed  down  tightly  to  the  mouth 
of  the  generator,  which  is  then  turned  upon  its  supporting-pivots 
so  as  completely  to  invert  it,  and  thus  mix  the  acid  with  the  car- 
bonate of  soda.  The  carbonic  acid  of  the  salt,  which  amounts 
to  more  than  half  of  its  weight,  is  now  rapidly  disengaged,  and 
accumulates  in  the  vacant  part  of  the  generator,  exerting  great 
elastic  force.  The  generator  is  next  connected,  as  represented  in 
the  figure,  with  tlie  second  large  cylinder  (B),  which  serves  as  a 
receiver,  and  which  is  surrounded  by  a  mixture  of  ice  and  salt. 
On  opening  the  two  valves,  the  condensed  gas  rapidly  passes  over 
and  collects  in  the  cold  receiver.  The  cylinders  are  then  dis- 
connected, after  first  closing  the  valves,  and,  the  generator  having 
been  carefully  emptied,  the  same  process  is  repeated.  After  two 
or  three  charges  have  been  in  this  way  conveyed  into  the  receiver, 
the  pressure  becomes  sufficient  to  liquefy  the  gas  ;  and  after  ten 
or  twelve  charges  the  receiver  may  contain  several  litres  of  liquid 
carbonic  acid.  The  receiver  is  then  finally  detached,  and  the 
liquid  which  it  contains  preserved  for  use.  If  this  liquid  is  al- 
lowed to  flow  out  into  the  air,  a  portion  of  it  evaporates,  and,  as 
we  should  expect,  with  great  rapidity  ;  but,  what  is  more  won- 
derful, the  cold  caused  by  the  evaporation  is  so  gi'eat,  tliat  the 
larger  part  of  the  liquid  freezes,  changing  into  a  white  floeculent 
solid  resembling  snow.  This  very  remarkable  phenomenon  will 
be  best  studied,  however,  in  connection  with  the  latent  heat  of 
vapors.  In  order  to  show  the  substance  in  its  liquid  condition, 
a  small  quantity  may  be  drawn  ofi"  from  the  receiver  into  the 
thick  glass  tube  P,  wliich  is  then  closed  by  a  valve-cock  like  that 
of  the  receiver  itself.  It  is  always  dangerous,  however,  to  con- 
fine liquid  carbonic  acid  in  glass. 

Although  the  apparatus  of  Thilorier  is  exceedingly  conven- 
ient, and  yields,  with  little  labor,  a  large  supply  of  liquid  carbonic 
acid,  yet  its  use  is  not  unattended  with  danger  ;  and  a  fatal  acci-: 
dent,  caused  by  the  bursting  of  one  of  the  iron  generators,  at  the 
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School  of  Pharmacy  in  Paris,  has  bi  ought  ]t  into  goncial  di's- 
favor.  The  danger  arises  from  the  circumstance  that  the  chem- 
ical action  of  tlie  sulphuric  acid  on  tlie  cjiboaate  of  -lOda  iij 


attended  witli  the  evolution  of  heat,  which  raises  tlie  tempera^ 
turc  of  tlie  generator,  and  very  greatly  increases  the  maximum 
tension  of  the  gas.  In  the  receiver,  when  surrounded  by  ice 
and  salt,  the  tension  is  comparatively  feeble,  and  all  danger  may 
be  avoided  by  condensing  the  gas  with  a  force-pump  directly  into 
the  cold  receiver.  An  apparatus  for  this  purpose  is  constructed 
both  by  Natterer,  in  Vienna,  and  by  Bianchi,  in  Paris.  It  con- 
sists of  a  condensing-pump  (178),  represented  at  /  in  Fig.  426, 
which  draws  the  gas  from  a  gasometer  through  tlie  flexible  hose 
5,  and  forces  it  into  an  iron  receiver,  which  is  represented  in 
Fig.  427,  of  one  iifth  of  its  usual  size.     This   receiver  screws 
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upon  the  upper  end  of  the  pump-barrel,  and  it  is  closed  hckiw 
by  a  self-acting  valve,  and  above  by  the  valve-cock  g-,  as  shown 
in  Fig.  427-  A  crank  and  fly-wheel  facilitate  the  working 
of  the  pump ;  but  it  requires  several  hours  of  hard  work  to 
liquefy  only  500  grammes  of  gas.  After  the  receiver  is  about 
two  thirds  filled  with  liquid,  it  is  unscrewed  from  the  pump- 
barrel,  and  the  liquid  can  then  be  drawn  out  by  inverting  it  and 
opening  the  valve  g.  This  apparatus  has  been  especially  used 
for  liquefying  nitrous  oxide  gas. 

Professor  Faraday  succeeded  in  liquefying  several  gases  which 
had  not  been  condensed  before,  by  combming  tlie  action  of  intense 
cold  and  great  pressure,  the  last  obtained  with  a  very  powerful 
condensing  apparatus.  This  apparatus  consisted  of  two  condens- 
ing syringes.  The  first  had  a  piston  of  an  inch  in  diameter,  tlie 
second  of  only  half  an  inch  ;  these  syringes  were  connected  by  a 
pipe,  80  that  the  first  syringe  forced  the  gas  through  the  valves 
of  the  second,  and  the  second  syringe  was  then  used  to  compress 
stiU  more  highly  the  gas  which  had  already  been  condensed  by 
tlie  action  of  the  first,  with  a  pressure  varying  from  ten  to  twenty 
atmospheres.  The  gases  were  condensed  by  tliis  apparatus  into 
tubes  of  green  bottle-glass  bent  at  the  middle  into  the  foi-m  of  a  U, 
and  closed  at  the  ends  with  brass  caps  and  stopcocks,  securely 
fastened  by  means  of  a  resinous  cement.  The  curved  portion  of 
the  tube  was  immersed  in  a  bath  of  solid  carbonic  acid  and  ether, 
and  at  times  a  still  greater  degree  of  cold,  estimated  at  —110°, 
was  obtauied  by  placing  the  bath  under  the  receiver  of  an  air- 
pump  and  exhausting  the  air.  When  exposed  to  this  very  low 
temperature,  most  of  the  liquefied  gases  froze,  as  is  shown  by 
the  following  table,  which  contains  the  results  of  Faraday ;  — 


Oxygen 


Hydrogen. 
Oxide  of  Carbon. 
Marsh  Gas. 
Deutoxide  of  Nitrogen. 


Gases  Ilqoefled, 

OMant  Gas. 
Chloroliyarii'  Ai'id. 
Fltiohydrio  Acid. 
Fluosilidc  Acid. 
PhospMde  of  Hydrogen. 
Aisenida  of  Hydrogen. 
Chlorine. 


Bromoliydric  Acid, 
Cyaaogtn, 
lodohydcic  Acid, 
Carbonie  Acid, 
Ammonia, 
Sulpliurous  Acid, 
Sulptiide  of  Hydrogen 
Protoxide  of  Nitrogen, 
as  constructed   a 


More  recently,  Natterer  of  Vienna, 
more  powerful  condensing  apparatus  than  that  of  Faraday, 
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thougli  on  a  similar  principle,  hy  -which  lio  has  boon  able  to  ox- 
exert  a  pressure  of  nearly  tlirco  thousand  atmospheres ;  but  the 
gases  enumerated  in  tlie  first  column  of  the  aboTe  table  did  not 
yield  even  to  tliis  immense  pressure,  and  indeed  were  not  con- 
densed so  much  as  we  should  be  led  to  expect  from  the  law  of 
Mariotte,  For  a  description  of  this  apparatus,  the  student  may 
consult  the  memoir  already  referred  to  (page  299). 

The  facts  of  this  section  all  tend  to  show  how  completely  tlie 
mechanical  condition  of  matter  depends  on  the  temperature  of 
the  globe.  If  the  mean  temperature  were  100°  below  the  present 
point,  bj  far  the  larger  number  of  known  gases  would  be  either 
solids  or  liquids.  To  the  inhabitants  of  such  a  climate  (whom 
we  may  suppose  to  use  a  Centigrade  thermometer  on  which 
— 100°  of  our  scale  would  be  the  zero-point),  protoxide  of  nitro- 
gen would  be  a  very  volatile  liquid,  freezing  at  0°  and  boiling  at 
13°;  cyanogen  would  be  a  crystalline  solid,  melting  at  65° -and 
boiling  at  80°  ;  and  sulphiirous  acid  would  be  a  solid,  melting  at 
24°  and  boiling  at  90°,  On  the  otlier  hand,  were  the  mean  tem- 
perature of  the  globe  100°  above  the  present  point,  many  of  our 
most  familiar  liquids  would  be  known  chiefly  as  gases.  Ether, 
alcohol,  and  water  would  stand  very  nearly  in  the  same  relation 
in  such  a  climate  that  sulphide  of  hydrogen,  cyanogen,  and  sul- 
phurous acid  do  in  ours. 

There  is  every  reason  to  believe  that  all  gases  might  be  con- 
densed to  liquids,  if  a  suflicient  degree  of  cold  and  pressure  could 
be  attained ;  and  wo  ought  not  to  be  surprised  at  tlie  difficulty 
experienced  in  liquefying  the  gases  above  enumerated,  when  we 
remember  how  very  rapidly  the  maximum  tension  of  vapors  in- 
creases with  the  temperature,  and  how  very  limited  our  means  of 
reducing  the  temperature  are,  as  compared  with  our  means  of 
elevating  it.  We  can  easily  attain  a  temperature  of  1,000°  C, 
while  we  can  scarcely  reduce  the  temperature  of  bodies  to  — 150°. 
At  1,000°  the  maximum  tension  of  the  vapor  of  water  would  be, 
unquestionably,  equal  to  many  thousand  atmospheres,  and  it 
would  undoubtedly  be  found  as  diflicult  to  condense  to  a  liquid 
the  vapor  of  water  in  the  highly  rarefied  condition  which  it  would 
have  at  that  temperature  under  the  mere  pressure  of  the  air,  as 
it  is  now  found  to  condense  the  so-called  permanent  gases. 

(297.)  Greatest  Density  of  Vapor.  — By  referring  to  the  table 
on  page  571,  it  will  be  seen  that  the  weight  of  one  cubic  metre 
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of  the  Yapor  of  water — and  licnce,  also,  its  density  (68)  —  in- 
creases very  rapidly  ■with  the  temperature.  This  is  also  shown 
by  the  curve  a  bfg  of  Fig.  412.  The  ordinates  of  this  curve 
represent  the  "weight  of  one  cubic  metre  of  vapor  at  the  corre- 
sponding temperatures  indicated  by  the  abscissas,  and  the  dis- 
tance between  any  two  horizontal  lines  of  the  figure  corresponds 
to  a  diiference  of  "weight  equal  to  588,73  grammes.  At  230°.9 
the  "weight  of  one  cubic  metre  of  vapor  is  aheady  -^  of  the 
weight  of  a  cubic  metro  of  water  at  4°,  and  at  the  same  rate  of 
increase  the  "weight  of  the  vapor  at  no  great  elevation  of  temper- 
ature would  be  equal  to  that  of  its  own  volume  of  water.  At 
such  a  temperature  water  would  change  into  vapor  "without  in- 
creasing its  volume,  provided  that  a  vessel  could  be  made  suffi- 
ciently strong  to  bear  the  immense  pressure  which  it  "would  then 
exert.  The  same  must  also  be  true  of  the  vapors  of  other  Kquids, 
so  tliat  at  a  temperature  more  or  less  elevated  the  density  of  the 
vapor  "will  become  equal  to  the  original  density  of  the  liquid, 
which  "will  tlien  change  into  vapor  without  increasing  its  volume. 
An  approach  to  tliese  phenomena  lias  been  observed  by  M. 
Cagniard  de  la  Tour.*  lie  sealed  up  in  a  strong  glass  tube  a 
volume  of  water  equal  to  about  one  fouitli  of  the  capacity  of  the 
tube,  and  exposed  it  to  a  gradually  incieaiing  tempeiature.  At 
a  fixed  temperature  the  water  entirely  volatilized,  and  the  tube 
appeared  empty.  This  temperature,  at  "which  watei  thus  evapo- 
rates into  a  space  of  about  four  times  its  o"\vn  bulk,  is  near  the 
melting-point  of  zinc  (360°).  So  great  was  the  sohent  power 
of  water  on  glass  at  this  high  temperature,  that  it  'Joon  destroyed 
the  integiity  of  the  tubes,  and  a  small  amo\mt  of  carbonate  of 
soda  WE^  added  to  the  water  to  diminish  tliis  action.  As  the 
vapor  cooled,  a  point  was  observed  at  "which  a  sort  of  cloud  filled 
the  tube,  and  hi  a  few  moments  after,  the  liquid  reappeared 
almost  instantaneously.  M.  de  la  Tour  made  similar  experi- 
ments mth  alcohol,  ether,  and  sulphide  of  cai'bon,  with  the  fol- 
lowing results :  — 

ancti.  VolDULe  of  Liquid.  Atmo£pbereB, 

Alcohol  (3G°  Baume),        .         .     250"  3  119 

Ether, 200  2  37 

Sulphide  of  Carbon,  ...     275  2  78 

«  Annalcs  Je  Chimic  i^t  de  Physique,  2'  Stfiie,  Tom.  XXI.,  XXII. 
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The  tension  of  the  vapors,  as  given  in  the  above  tabic,  is  far 
less  than  wo  should  have  expected  ;  for,  if  Mariotte's  law  held 
good  in  these  cases,  ether  should  have  exerted  a  pressure  equal 
to  about  209  atmospheres,  and  alcohol  of  at  least  242.  Here, 
then,  we  have  a  very  marked  example  of  the  principle  previously 
enunciated  (166),  that  as  the  point  of  liquefaction  is  approached, 
the  compressibility  of  a  gas  deviates  more  and  more  -widely  from 
tlie  law  of  Mariotte.  The  experiments  of  De  la  Tour  also  show, 
that  under  these  enormous  pressures,  even  before  the  whole  of 
the  liquid  has  evaporated,  the  tension  of  the  vapor  varies  with 
the  proportion  which  the  liquid  bears  to  the  space  in  which  it  is 
conlincd. 

(298.)  Smallest  Density  of  Vapor.  —  Having  seen  that  the 
highest  limit  of  the  density  of  vapor  is  probably  at  least  as  great 
as  the  density  of  tlia  liquid  from  which  it  is  formed,  we  naturally 
next  inquire,  Is  there  any  lowest  limit?  Do  substances  continue 
to  evaporate  at  all  temperatures,  however  low,  or  is  there  some 
limit  of  temperature  at  which  they  cease  all  at  once  to  emit 
vapors  ?  By  agahi  referring  to  the  table  of  maximum  tensions 
(page  571),  it  will  be  seen  that  even  at  10°  below  the  freezing- 
point  water  forms  a  vapor  weighmg  2.284  grammes  to  tlie  cubic 
metre,  and  having  a  tension  of  0.2078  cm. ;  and  even  at  20° 
below  the  freezing-point  it  forms  a  vapor  with  a  tension  of  0.1383 
c.  m.  It  was  formerly  supposed  that  substances  which  were  de- 
cidedly volatile  at  tlie  ordinary  tempei-ature  continued  to  emit 
vapor,  however  far  the  temperature  might  be  depressed,  although 
the  quantity  became  less  and  less,  until  it  was  inappreciable  to 
oui-  senses.  It  was  even  thought  by  some,  that  fixed  solids,  such 
as  the  metab  and  the  rocks,  gave  out  a  sensible  amount  of  vapor, 
so  that  traces  of  these  substances  were  always  to  be  found  float- 
ing in  the  atmosphere.  Some  researches  of  Faraday,  however, 
appear  to  establish  an  opposite  conclusion.  He  found  that  mer- 
cury gave  out  a  perceptible  vapor  during  the  sununer,  but  none 
during  the  winter ;  and  also  that  some  chemical  agents  which 
may  be  volatilized  at  temperatures  above  150°  did  not  ixndergo 
the  slightest  evaporation  during  four  years  at  the  ordinary  tem- 
perature of  the  air.  The  best  opinion,  therefore,  appears  to  be, 
that  there  is  for  every  body  a  temperature  at  which  it  ceases  all 
at  once  to  give  out  vapor.  With  mercury,  this  temperature  lies 
between  4°  and  15°. 
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(299.)  Latent  Heat  of  Vapor.  —  TIic  cliange  of  state  from 
liquid  to  vapor  is  aecompaoied  witii  a  very  great  amount  of  ex- 
pansion ;  thus, 

1  Sr^of  "Water  at  100°  forms  about  1700  c.  c.  of  steam  at  JOo! 
1  "  "  Alcohol  "  78.4  "  "  ■  485  «  "  vapor  "  78.4. 
1    "    "        "        «     35.6    "        "        357    "    "       "      "     35.6. 

And,  indeed,  the  heaviest  known  vapor,  that  of  iodide  of  ar- 
senic (i^.  Gr.  ^16.1  as  compared  with  air,  or  0.021  as  com- 
pared witli  water),  is  thirty  times  ligliter  tlian  the  hghtest  known 
liquid,  eupion  (;^.GV.^0.633).  We  should  natiirally  expect 
that  such  great  expansion  would  be  attended  with  a  large  absorp- 
tion of  heat.  A  single  experiment  will  enable  us  to  illustrate 
this  fact,  and  also  roughly  to  estimate  the  amount  absorbed  in  the 
case  of  water. 

Take  a  glass  flask,  and  having  placed  in  it  one  kilogramme  of 
ice-cold  water,  expose  it  to  such  a  source  of  heat  that  equal  amounts 
of  heat  shall  enter  it  during  equal  times.  Observe  carefully  the 
time  which  elapses  before  the  water  boils.  We  will  assume  that 
it  is  twenty  minutes.  Observe  also  the  temperature  of  the  water 
and  of  the  steam  which  fills  the  upper  part  of  the  flask.  It  will 
bo  fotuid  to  be  100°,  and  both  will  remain  at  this  temperature 
until  the  whole  of  the  water  has  boiled  away.  Contintte  the 
boiling  for  fifty-four  minutes,  and  at  the  end  of  this  time  weigh 
tlie  water  remaining  in  tlie  flask,  when  it  will  be  found  tliat 
exactly  one  half  has  been  converted  into  steam  and  escaped. 
We  assumed  that  it  required  twenty  minutes  to  boil  the  water, 
that  is,  to  raise  the  temperature  of  one  kilogramme  of  water  from 
0°  to  100°.  During  this  time,  then,  one  hundred  units  of  heat 
must  have  entered  the  liquid.  Hence  it  follows,  that,  during 
the  succeeding  fifty-four  minutes,  two  hundred  and  sixty-tliree 
units  of  heat  entered  the  water ;  but  this  amount  of  heat  has 
not  raised  the  temperature  in  the  slightest  degree,  for  both 
the  water  and  the  steam  have  retained,  during  the  whole  inter- 
val, the  constant  temperature  of  100°.  What,  then,  has  become 
of  the  heat  ?  The  answer  is,  that  it  has  been  absorbed  in  con- 
verting 500  gi'ammes  of  water  at  100°  into  500  grammes  of  steam 
at  the  same  tompci'ature.     It  follows,  then,  that  one  kilogramme 
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of  water  at  100°  absorbs,  in  changing  into  steam  of  the  same 
temperature,  540  units  of  heat.  The  latent  heat  of  steam,  as 
well  as  that  of  other  vapors,  can  be  ascertained  with  great  accu- 
racy by  means  of  the  apparat\is  rppresfnted  in  Fig^,  428,  contrived 
by  Brix,*  of  Berhn.  It  consists  of  a  small  glass  retort,  R,  con- 
necting with  a  small  metallic  cylindrical  condenser,  B.  This 
condenser  has  an  opening  into  the  atmosphere  by  the  tube  L, 
and  is  supported  in  the  centre  of  a  larger  cylindrical  bos,  A, 
which  is  filled  with  water.  A  thermometer  passing  through  a 
tnbulature  in  tiie  cover  enables  the  experimenter  to  observe  the 
temperature  of  the  water,  while  by  ^itating  the  water  with  the 
metallic  disk  C,  its  temperar 
ture  can  be  rendered  uni- 
form tliroughout.  In  con- 
ducting the  experiment,  the 
water  around  the  condenser 
is  first  cooled  a  few  degrees 
below  the  temperature  of 
the  atmosphere  ;  then  the 
vapor  is  distilled  over  from 
the  retort  until  the  tem- 
perature of  the  water  has 
risen  an  equal  number  of 
degrees  above  that  of  the 
itmusphere  In  this  way 
ini  lo=<=!  of  heat  fiom  the 
witei  IS  avoided,  since  the 
appiiatus  1^  for  in  equal 
length  of  time  waimpr  md 
cooler  than  the  in  The 
weight  of  vipor  condensed 
is  thi  n  ascertained  by  the 
lo&f,  of  weight  of  tlie  letort, 
and  the  amount  of  heat  evolved  by  its  condensation  is  readily 
calculated  from  tlie  weight  of  the  water  around  the  condenser, 
and  the  number  of  degrees  through  which  it  has  been  heated. 
This  amount  of  heat  corresponds  to  the  latent  heat  of  the  vapor 
plus  the  amount  of  heat  given  out  by  the  condensed  steam  in 


*  Poggc. 
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cooling  from  tlio  boiling-point  to  the  temperature  of  tlie  con- 
denser. To  iUusti'ate  this  hy  an  example,  we  -will  siippose  that 
wo  know 

The  weight  of  vratev  around  the  condenser,      .         .  ■   500  grammes. 

The  temperature  at  the  beginning  of  the  experiment,  .          12°. 

Tbe  temperature  at  the  end  of  the  experiment,        .  .      18°. 

The  weight  of  the  water  distilled  over,         .         .  .       4.82  grammes. 

Hence  it  follows  (231),  that 

The  amount  of  heat  which  entered  the  water  equals  .       3         units. 

By  (233)  the  amount  of  heat  required  to  raise  the  temper- 
ature of  4.83  grammes  of  water  from  18°  to  100°  is 
equal  to 0.395     " 

And  hence  the  quantity  of  heat  given  out  by  4.82  grammes 

of  sf«am  in  liquefying  equals    .....       2.605    " 

One  kilogramme  of  steam  would  then  set  free,  in  liquefying,   540  " 

It  is  evident  that,  in  these  experiments,  as  in  the  determination 
of  the  specific  heat  by  the  method  of  mixtwes,  it  is  necessary  to 
take  into  account  the  amount  of  heat  absorbed  by  the  metals  and 
glass  of  which  the  apparatus  is  made.  This  can  easily  be  calcu- 
lated, since  the  specific  heat  of  these  substances  is  known,  and 
their  weight  can  be  easily  determined.  The  formulje  for  similar 
calculations  have  already  been  given  [158]  and  [159],  and  they 
Can  readily  be  modified  by  the  student  for  any  special  case. 

By  means  of  the  apparatus  described  above,  Brix  obtained  for 
the  latent  heat  of  the  vapors  of  several  well-known  liquids  the 
following  values.*  These  values  are,  in  each  case,  the  number 
of  units  of  heat  required  to  convert  one  kilogramme  of  the  liquid 
at  its  boiling-point  into  one  kilograrmne  of  vapor  at  the  same 
temperature. 

Lotentnaitof         Sp-Of.ofVinor 


"Water,      . 

.     540  units. 

315.05 

0.451 

Alcohol, 

214     " 

848.26 

1.258 

Ellier,       . 

.       90     " 

2fi5.45 

2.280 

Oil  of. Turpentine, 

74     " 

307.00 

3.207 

Oil,  of  Lemons, 

.       80     «  . 

*  Determinations  of  fhe  latent  heitt  of  yapors  hnre  also  been  made  by  Andrews 
(Qaarlerly  Journal  of  the  Chcmifal  Sorfetj-,  Vol.  I.  p.  27|,  by  DeGpreK,  and  by  Savra 
and  Silbcvmann  (Coniptes  Rendus,  Tom.  XXUI.  p.  524). 
51* 
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Since  the  mimbor  -which  expresses  tlic  specific  gravity  of  a 
BubstMicc  is  the  same  as  tiie  miglit  of  mio  litre  in  kilogrammes, 
it  foUoif  s,  that,  if  TC  multiply  the  specific  gravity  of  a  vapor  at  the 
boiling-point  (referred  to  wat»r)  by  1,000,  m  shall  obtain  the 
weight  in  kilogrammes  of  one  cubic  metre  of  this  vapor  at  this 
temperature ;  and,  fnrthermore,  it  follows  from  what  has  been 
said,  that,  it  we  multiply  this  weight  by  the  latent  heal  of  the 
vapor,  we  shall  have  the  number  of  units  of  heat  required  to 
generate  from  these  liquids  at  their  hoihug-points  one  cubic  metro 
of  vapor.  Makhig  these  calculations,  we  should  obtain  the  num- 
bers given  in  tlie  above  table  as  the  latent  heats  of  eifuA  mlumes ; 
and  it  will  be  noticed  that,  with  the  esoeption  of  that  of  ether, 
those  numbers  are  approximatively  eqiial.  The  same  is  also 
true  of  otlier  liquids  not  included  in  the  table ;  hence  we  may 
say,  roughly,  that  the  same  volume  of  vapor  will  be  produced 
from  all  liquids  by  tlie  same  expenditure  of  heat.  No  important 
advantage,  therefore,  could  be  gained  by  substituting  any  other 
liquid  for  water  in  the  steam-engine. 

(300.)  Laient  Heat  of  Steam  at  Different  Temperatures.  — 
The  latent  heat  of  steam  has  tlie  value  given  in  the  above  table 
only  when  its  tension  is  76  cm.  and  its  temperature  100%  which 
is  the  case  when  the  steam  is  formed  by  boiling  water  under  the 
normal  pressure  of  the  atmosphere.  If  the  tension  and  temper- 
ature of  the  vapor  have  greater  values  Uian  the  above,  then  the 
latent  heat  is  less  than  540  miits ;  and,  on  the  other  hand,  it 
these  values  are  less  than  76  c.  m.  and  100%  then  the  latent  heat 
of  the  vapor  is  more  than  640  units.  Watt  concluded,  fi-om  his 
experiments,  that  the  same  weight  of  vapor  always  contained  the 
same  quantity  of  heat,  or,  in  oflier  words,  he  supposed  that  the 
same  quantity  of  heat  would  convert  one  kilogramme  ot  water  at 
0"  into  one  kilogramme  of  vapor,  whatever  the  l«iision  or  tem- 
perature of  the  vapor  might  be.  If  this  were  the  case,  the  sum 
of  the  latent  and  sensible  heat  ot  steam  would  bo  the  same  at  all 
temperatures,  and  we  should  have  for  the  latent  heat  the  follow- 
ing values ;  — 


db,  Google 


HEAT.  fi'^T 

Among  the  other  numerical  data  connected  with  the  steam- 
engine,  Kegnault  has  carefully  determined  the  latent  heat  of 
steam  at  different  temperatures  between  5"  and  196°.  These 
experiment  were  made  with  an  apparatus  constructed  with  every 
possible  refinement,  and  were  conducted  with  the  usual  skill  of 
this  eminent  experimentalist ;  but  for  a  description  both  of  the 
apparatus  and  of  the  methods,  we  must  refer  the  student  to  tlie 
original  memoir.*  It  was  proved  by  this  investigation,  that  the 
law  of  Watt,  as  the  principle  above  stated  is  frequently  called,  is 
far  from,  being  an  esact  expression  of  the  facts,  and,  like  so  many 
other  phenomenal  laws  of  nature,  can  only  be  regarded  as  ap- 
proximatively  true  (compare  page  300).  The  sum  of  the  latent 
and  sensible  heat  of  steam  actually  increases,  although  only  very 
slowly,  with  the  temperature  ;  and  Eegnault  found  that  the 
results  of  his  experiment  were  very  nearly  satisfied  by  the  em- 
pirical formula 

I  =  606.5  +  0.305  t ,  [202.] 

in  which  A  represents  the  sum  of  the  latent  and  sensible  heat, 
whUe  606.5  is  the  latent  heat  of  the  vapor  at  0",  and  t  the  given 
temperature.  By  means  of  this  formula,  -we  can  very  easily  cal- 
culate the  latent  heat  of  the  vapor  at  any  temperature.  Tims, 
at  100°  we  have  I  =  637,  and  consequently  the  latent  heat  is  637 
units  less  the  number  of  units  required  to  raise  the  temperature 
of  one  kilogramme  of  water  from  0°  to  100°.  By  the  table  on 
page  470,  we  find  that  this  amount  is  equal  to  1.005  X  100  = 
100.5,  and,  subtractmg  this  quantity  from  637,  we  find  the  latent 
heat  of  steam  at  100°  to  be  536.5  units.  In  like  manner,  the 
other  values  in  the  following  table  have  been  calculated. 

The  second  column  of  the  table  gives  tlie  tension  of  the 
vapor  of  water  m  centimetres.  The  third  column  gives  the 
number  of  imits  of  heat  required  to  change  one  kilogramme  of 
water  at  0°  into  one  kilogramme  of  vapor  at  f.  The  fourth  col- 
umn gives  the  number  of  units  of  heat  required  to  change  one 
kilogramme  of  water  at  t"  into  one  kilogramme  of  vapor  at  the 
sanao  temperature. 

*  Memojrea  io  VAcaHiiam  dcs  Sciences,  Tom.  XXI. 
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0.4fi0 
0.916 

S- 

t.'         ^S'li™'' 

Tern- 

Tendon. 

S' 

Latent  and 
Sensible 
Heal. 

0° 
10 

606 
599 

5           606.5 
5            609.5 

120° 
130 

149.128 
203.028 

522.3 
515.1 

643.1 
646.1 

20 

1.739 

593 

6            613.6 

140 

271.763 

508.0 

649.2 

30 

S.155 

SB  5 

7            615.7 

150 

358.123 

500.7 

652.2 

40 

S.iSl 

B78 

7            618.7 

161) 

465.163 

493.6 

655,3 

50 

9.199 

571 

6            621.7 

170 

596.166 

436.2 

658.3 

60 
70 

14.879 
23.309 

564 

557 

7           624.8 
6           627.8 

ISO 
190 

754.639 
944.270 

479.0 
471.6 

661.4 
664.4 

80 

35.464 

550 

6             630.9 

300 

1168.896 

464.3 

667.5 

90 

.52.545 

543 

5            633.9 

210 

1432.480 

4S6.8 

6  TO.  5 

ino 

76.000 

63ti 

5            637.0 

220 

1739.036 

449.4 

673.6 

no 

107.537 

529 

4            610,0 

230 

30U2.e40 

441.9 

676.6 

(301.)  Illustrations. —  TIm  fact  that  heat  is  absorbed  during 
evaporation  is  illustrated  by  many  familiar  phenomena.  The 
chill  -which  is  felt  on  leaving  a  bath  is  caused  by  the  rapid  evap- 
oration of -water  from  the  surface  of  the  skin,  whereby  "heat  ia 
■withdrawn  from  the  body.  In  a  similar  way,  tlie  air  of  a  heated 
room  is  cooled  by  sprinkling  water  on  the  floor.  This  principle 
also  explains  how  man  is  enabled  to  bear  the  scorching  heat  of 
the  hottest  climates,  and  even,  if  properly  protected,  to  enter  an 
oven  heated  above  100°,  his  blood  not  exceeding  40° ;  a  copious 
perspiration  is  excited,  which  removes  heat  from  the  body  as 
rapidly  as  it  is  received  from  without.  The  porous  water-jars, 
which  are  used  in  Spain  and  in  Eastern  countries  to  keep  liquids 
cool,  also  owe  their  efficacy  to  the  latent  heat  of  vapors.  They 
are  made  of  biscuit  earthen-ware,  and  the  water  which  slowly 
percolates  through  the  walls  and  evaporates  from  the  surface 
withdraws  so  much  heat  from  the  vessel  as  to  retain  the  tem- 
perature of  the  water  considerably  below  the  temperature  of  the 
surrounding  air.  The  effect  is  enhanced  by  placing  the  jar  in  a 
current  of  air,  which  accelerates  evaporation.  In  like  manner, 
tlie  evaporation  from  the  surface  of  the  body  is  increased  in  a 
current  of  air,  and  hence  the  sensation  of  coolness  which  a  draught 
produces ;  while,  on  tlie  other  hand,  the  oppression  which  we  feel 
in  an  atmosphere  saturated  with  moisture  arises  from  the  fact 
that  the  evaporation  is  in  great  measure  arrested. 

The  same  principles  may  also  be  illustrated  by  a  great  variety 
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of  experiments.  One  of  tlie  most  striking  of  these  is  that  of 
Leslie,  in  which  water  is  frozen  hy  its 
own  evaporation.  A  small  and  shallow 
pan  of  water  is  supported  over  a  dish 
of  sKlphnric  acid,  and  under  a  bell-glass 
standing  on  tlie  plate  of  an  air-piunp 
rig,  4m  ^pjg_  429).      On    exhausting    tho    air 

from  the  bell,  the  heat  absorbed  by  the  very  rapid  evapora- 
tion of  the  water  which  ensues  is  so  great,  that  the  larger  por- 
tion of  the  liquid  is  converted  into  ice.  The  sulphuric  acid 
absorbs  the  vapor  as  fast  as  it  forms,  and  thus  accelerates  the 
evaporation, 

A  similar  experiment  can  be  made  with  the  instrument  rep- 
resented in  I'ig.  4a0,  called  the  cryophoms  (frost-bearer).  It 
consists  of  two  glass  bulbs,  connected  together  by  a  long  tube, 
one  of  which  is  partially  filled  with  water.  In  making  the  in- 
strument, it  is  hermet- 
ically sealed  while  tilled 
with  steam,  so  that  on 
cooling  a  vacuum  is  left 
above  tlie  water,  except 
in  so  far  as  the  space  is 

filled  with  vapor.  If  now  the  empty  bulb  is  surrounded  by  a 
freezing-mixture,  this  vapor  is  condensed  as  fast  as  it  is  formed, 
and  a  very  rapid  evaporation  ensues  from  tlie  surface  of  the  water 
m  the  first  bulb,  which  soon  reduces  the  temperature  of  the  hquid 
to  the  freezing-point.  Even  more  marked  effects  than  these  can 
be  obtained  by  the  evaporation  of  very  volatile  liquids,  like  ether 
or  sulphide  of  carbon.  The  rapid  evaporation  of  ether  poured 
iipon  the  hand  occasions  a  very  distinct  sensation  of  cold,  and 
water  can  be  frozen  by  the  evaporation  of  ether  from  the  surface 
of  a  glass  bulb  covered  with  muslin  and  kept  moistened  with  the 
liquid.  If  the  evaporation  is  accelerated  by  placing  the  apparatus 
under  the  receiver  of  an  air-pump,  even  mercury  can  be  frozen  in 
this  way.  Indeed,  an  apparatus  has  been  invented  for  making 
ice  in  warm  countries,  by  the  evaporation  of  ether  in  a  partial 
vacuum. 

The  principles  of  latent  heat  can  in  no  way,  however,  he  more 
strikingly  illustrated  than  with  liquid  carbonic  acid.  When  this 
highly  volatile  liquid  is  allowed  to  escape  into  the  air,  it  evap- 
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orates  with  such  rapidity,  as  has  been  stated,  that  the  larger  por- 
tion of  it  almost  instantaneously  freezes.  This  frozen  carbonic 
acid  can  easily  he  obtained  in  large  quantities  by  means  of  the 
apparatus  of  Thilorier.  From  tlie  valve  of  the  receiver  £,  Fig, 
425,  a  tube  descends  to  near  the  bottom  of  the  vessel,  so  that,  on 
opening  the  valve,  tlie  liquid  is  forced  out  by  the  tension  of  the 
gas  in  the  interior.  A  cylindrical  brass  box,  O,  connected  witli 
the  valve  of  the  receiver  by  tlie  coupler  L  (which  fits  in  the 
socket  M),  and  so  constructed  as  to  break  the  force  of  the  jet, 
receives  tlie  liquid  as  it  issues  from  the  receiver,  and  soon  be- 
comes filled  irith  solid  carbonic  acid,  -which  resembles,  in  its 
general  appearance,  freshly  fallen  snow.  This  experiment,  it  will 
be  noticed,  is  analogous  in  principle  to  that  of  Leslie,  in  which 
water  was  frozen  by  its  own  evaporation. 

A  further  illustration  of  the  principles  of  latent  heat  is  afforded 
by  the  fact,  that  the  solid  carbonic  acid  —  if  in  considerable  quan- 
tity and  surrounded  by  poor  conductors  —  may  be  kept  exposed  to 
the  air  for  hours  before  it  entirely  disappears.  Although  exceed- 
ingly volatile,  it  evaporates  only  slowly,  for  the  same  reason  that  a 
bank  of  snow  melts  gradually  during  a  warm  spring  day.  The 
non-conducting  nature  of  the  vessel,  and  of  the  atmosphere  of  gas 
which  sm-rounds  it,  prevents  tlie  absorption  of  the  heat  which  is 
necessary  for  the  change  of  state.  If,  however,  it  is  braught  into 
close  contact  with  a  good  conductor,  like  metallic  mercury,  the  ra^ 
pidity  of  its  evaporation  is  greatly  accelerated,  and  the  temperatiire 
of  the  substance  reduced  to  that  of  the  sohd  gas,  wliich  has  been 
estimated  as  low  as  90"  0.  In  this  way  large  masses  of  mercury 
can  easily  be  frozen.  A  greater  degree  of  cold  can  be  obtained  by 
mixing  tlie  solid  gas  with  a  little  ether,  which  forms  with  it  a  semi- 
fluid mass  capable  of  being  brought  in  closer  contact  with  sub- 
stances, and  thus  removing  their  heat  more  rapidly.  A  stiU  greater 
degree  of  cold  was  produced  by  Faraday,  by  placing  this  mixture 
under  the  receiver  of  an  air-pump  from  which  the  air  and  gaseous 
carbonic  acid  were  rapidly  removed.  An  alcohol-thermometer 
placed  in  this  mixtui-e  sinks  to  the  temperature  of  — 110° ;  at 
this  low  temperature  the  mixture  of  solid  carbonic  acid  and  ether 
is  not  more  volatile  than  alcohol  at  the  ordinary  temperature. 

Similar  experiments  can  be  made  with  the  liquid  protoxide 
of  nitrogen,  which  is  obtained  in  Bianchi's  apparatus.  As  this 
does  not  freeze  so  readily  as  liquid  carbonic  acid,  it  can  be  drawn 
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out  from  thf  c  iiidi,nsci  in  i  liquid  state,  and  retains  its  condition 
when  exposed  to  tin.  an  lonf,er  than  solid  carhonic  acid.  It  can 
readily  be  fiozen  1  y  itt>  own  evaporation,  and  it  furnishes  the 
means  of  pioducmg  the  lowest  temperature  yet  attained.  When 
mixed  with  sohd  caibonn,  acid  and  ether,  it  produces  a  cold  so  in- 
tense, that  absolute  alcohol  exposed  to  it  assimies  the  consistency 
of  a  thick  oU,  and  a  thennometer  immersed  in  a  hath  formed 
by  mixing  this  liquid  with  sulphide  of  carbon  was  observed  by 
Natterer  to  fall  to  — 140°  when  the  bath  was  placed  in  vacuo. 

(302.)  Applications  of  the  Latent  Heat  of  Steam.  —  The  great 
amount  of  heat  which  steam  contains  renders  it  exceedingly  val- 
uable in  the  arts  as  a  heating  agent.  Water  may  be  heated,  and 
even  boiled,  in  wooden  tanks,  by  blowing-  steam  into  it,  or  by 
causing  the  steam  to  circulate  through  a  coil  of  copper  pipe  at 
the  bottom  of  the  tank.  Buildings,  also,  are  very  frequently 
warmed  by  the  heat  of  steam.  The  steam  generated  in  a  boiler 
placed  in  the  basement  is  conveyed  by  iron  pipes  to  the  differ- 
ent apartments.  There  it  is  condensed  to  water  in  a  coU  of 
iron  pipes,  or  in  a  condenser  of  some  other  form,  and  the  heat 
tlius  set  free  is  radiated  from  the  iron  surface  of  the  condenser. 
Steam  is  likewise  used  as  a  som'ce  of  heat  in  the  process  of  distil- 
lation, especially  when  the  substance  to  be  heated  is  liable  to  al- 
teration from  too  high  a  temperature.  For  this  purpose,  the  walls 
of  the  still  are  frequently  made  double,  and  the  steam  admitted 
between  the  two.  It  is  sometimes  found  advantageous  to  blow  tlie 
steam  through  the  mass  of  liquid  in  the  still,  in  which  case  the 
volatile  product  passes  over  in  vapor  mixed  witli  the  steam,  and 
the  two  are  condensed  together  in  the  worm  or  receiver.  This 
method  is  constantly  used  in  tlie  distillation  of  volatile  oils  from 
organic  materials.  Sometimes  tlie  steam  is  liighly  heated  by 
passing  it  through  red-hot  tubes  before  it  is  introduced  into  the 
still.  In  this  way  the  fat  acids  and  many  other  substances  can 
be  distilled,  wMch  could  not  be  distilled  in  the  ordinaiy  way. 
This  method  is  in  fact  the  basis  of  an  important  process  used  in 
the  arts  for  decomposing  tallow  and  otlier  fats,  and  extracting 
from  them  the  fat  acids  and  glycerine,  substances  which  are  used 
in  the  manufacture  of  candles  and  of  soap. 

(303.)  Spheroidal  Condition  of  Liquids. — It  has  already  been 
stated,  that  when  a  liquid  is  dropped  upon  a  heated  surface,  the 
temperature  being  made  to  vary  with  the  nature  of  the  hquid,  it 


d  by  Google 


612 


CHEMICAL   PHYSICS, 


assume'-  tlip  sphnoidal  condition,  and  rolls  round 
ou  the  suiface  like  globules  of  mercury  on  a  porce- 
lain plate  (Pig.  431).  It  was 
also  stated,  that  the  temperature 
ot  the  liquid  in  this  condition  is 
constdat,  aiid  always  below  its 
hoilmg-point.  This  fact  can  be 
piovcd  by  testing  the  tempera- 
ture with  a  thermometer,  as 
shown  in  Fig.  432.  The  following  table  shows  in 
each  case,  first,  the  temperature  at  which  the  liquid 
assumes  the  spheroidal  condition  in  a  heated  silver 
capsule  ;  and,  secondly,  the  temperature  of  the 
liquid  wliile  in  this  condition :  — 


Water, 
Alcohol,    . 
Ether,  . 
Sulphiirous  Acid, 


96.5 

7S.8 

34.2 

-10.5 


When  in  the  spheroidal  condition,  the  globules  of  liquid  have 
a  gyratory  motion  on  the  bottom  of  the  capsule,  and  not  oidy 
does  the  liquid  not  boil,  but  it  evaporates  vastly  more  slowly 
than  when  it  is  in  actual  ebullition.  If  the  source  of  heat  is 
removed,  the  temperature  of  the  capsule  will  fall  until  a  point  is 
reached  at  which  the  liquid  wets  the  metallic 
surface,  and  then  the  liquid  will  boil  violently, 
and  be  thrown  in  all  directions  with  almost  ex- 
plosive violence  (Fig.  433).  This  singular  phe- 
nomenon can  also  he  shown 
by  pouring  a  small  quantity 
^____  of  water  into  a  thick  coppei 
rig.  433.  flask    intensely    heated,    and 

corking  the  flask  while  the 
liquid  is  in  the  spheroidal  condition.  For 
a  time,  all  remains  quiet ;  hut  when  the  fla&k 
has  cooled  sufficiently,  the  water  will  bo  sud- 
denly converted  into  steam,  and  the  coik 
tlirown  out  with  great  violence  (Fig.  434) 
It  has  also  been  proved  that  a  liquid,  when 
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in  a  spheroidal  condition,  is  not  in  contact  with  a  heated  sur- 
face. Boutigny  was  able  to  see  the  flame  of  a  candle  between 
e  of  water  rendered 


opaque  by  lampblack  and 
tlie  heated  snrfece  ou  ■which 
it  rested  (Fig.  435)  ;  and, 
moreover,  Wartmann  and 
Poggendorff  found  that  a 
current  of  electricity  would 
not  pass  between  the  liquid 
spheroid  and  the  inctallie 


The  explanation  of  these  singular  phenomena  his  alieady  been 
in  part  given.  "We  have  seen  that,  whenever  by  the  action  of 
heat  the  adhesion  of  a  liquid  to  the  surlaee  on  which  it  icsts 
becomes  less  than  twice  as  great  as  the  cohesion  between  the 
liquid  particles  themselves,  the  liquid  will  no  loiigei  moisten  the 
Eui-face,  and  we  can  readily  conceive  thit  it  may  be  e^  en  re 
pelled  by  it,  and  with  a  force  sufficiently  gieit  to  overcome  the 
weight  of  the  liquid  mass.  That  such  a  lepulsion  leally  existe 
Boutigny  proved  by  two  curious  esperiments  He  poured  water 
into  a  basket  made  of  platinum  wire-netting  and  heated  to  ledness, 
and  found  that  the  liquid  did  not  drop  tlirough  tlie  interstices. 
He  also  whirled  round,  in  a  sling,  a  heated  capsule  containing  a 
liquid  globule  in  the  spheroidal  state,  and  found  that  the  cen- 
trifugal force  was  not  able  to  compel  contact.  Assuming,  then, 
that  the  liquid  globule  is  sustained  at  a  small  distance  above  the 
heated  surface  by  the  repulsive  force  of  heat,  it  is  es^y  to  explain 
the  rest.  The  vapor  forming  on  the  lower  surface  of  the  sphe- 
roid would  raise  it  still  further  from  the  heated  metal,  and,  escap- 
ing unequally  around  the  contour  of  the  spheroid,  would  tend  to 
give  to  it  its  singular  motions.  Then,  again,  since  the  liquid 
is  not  in  contact  with  tlie  source  of  heat,  it  can  only  be  heated 
by  radiation.  Now  a  part  of  the  rays  of  heat  will  be  reflected 
from  the  surface  of  the  liquid ;  and,  moreover,  the  greater  part  of 
those  which  penetrate  it  will  pass  through  it  without  being  ab- 
sorbed. It  is  evident,  then,  that  the  spheroid  wiU  retain  but  a 
small  portion  of  the  heat  radiated  from  the  walls  of  the  metallic 
capsule;  and  since  it  is  aU  the  time  losing  heat  by  evaporation, 
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it  is  not  wonderful  tliat  its  temperature  sliould  bo  reduced  acveral 
degrees  below  the  boiling-poiat. 

By  following  out  tlie  principles  of  tins  sectiou  to  their  extreme 
consequences,  we  are  able  to  produce  some  very  paradoxical 
effects.  It  has  before  beeu  stated,  that  water  may  be  frozen  by 
pouring  it  into  hquid  sulphurous  acid  while  the  latter  is  in  the 
spheroidal  condition,  although  the  capsule  containing  it  may  be 
red-hot.  So  also,  by  substituting  for  liquid  sulphurous  acid  the 
mixture  of  solid  carbonic  acid  and  ether,  even  mercury,  placed , 
within  the  red-hot  capsule  in  a  small  platinxun  crucible,  may  be 
frozen  with  equal  certainty.  The  wonder  disappears  from  these 
phenomena  when  we  know  that  these  highly  volatile  liquids  are 
not  in  contact  with  the  heated  surface  of  the  capsule,  for  they 
simply  produce  the  same  effects  in  their  spheroidal  condition  that 
they  would  under  other  circumstances.  A  still  more  paradoxical 
result  can  be  obtained  with  liquid  protoxide  of  nitrogen.  For 
this  experiment,  the  liquid  should  be  drawn  into  a  tube  sus- 
pended in  a  bottle  containing  a  few  lumps  of  chloride  of  cal- 
cium, by  means  of  a  cork  adjusted  to  the  neck.  Without  this 
precaution,  the  moisture  of  the  air  would  condense  as  hoar-frost 
on  the  tube,  and  render  the  wall  opaque.  If  we  pour  some  mer- 
cury into  tills  tube,  it  will  sink  to  the  bottom  and  immediately 
freeze.  On  the  other  hand,  if  a  piece  of  burning  charcoal  is 
dropped  in,  it  will  float  on  tlie  liquefied  gas,  which  will  assume 
the  spheroidal  condition  around  it ;  but,  moreover,  what  is  very 
remarkable,  the  diarcoilwill  1  um  with  the  usual  intense  bril- 
liancy in  the  protoxide  of  nitrogen  gas  whiuh  surrounds  it,  and 
we  shall  thus  lia\e  m  tlie  same  test-tube  burning  charcoal  and 
frozen  merctiry.  But  perhaps  tliP  most  marvellous  result  is  the 
impunity  with  which  the  moistened  innd  miy  be  dipped  into 
melted  lead,  or  e^en  into  molt  n  ca&tiion  as  it  flows  from  the 
furnace.  In  tiiche  cases  the  adhering  mjistuie  is  converted  into 
vapor,  which  forms  an  envelope  to  the  '■km  sufficiently  non- 
conducthig  to  present  the  tnusmiss  on  of  any  injurious  quantity 
of  heat  during  the  shcit  i  i.iiod  vi  thu  immti  ion. 
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STEAM-ENGINE. 

(304.)  It  wouM  lead  us  beyond  tlie  design  of  tlio  present 
■work  to  enter  upon  any  detailed  description  of  this  wonderful 
application  of  the  laws  of  vapors.  We  shall  only  be  able  to 
point  out  the  general  principles  of  the  machine,  and  to  illus- 
trate by  figures  some  of  its  most  important  forms.  It  has  al- 
ready been  shown,  that  when  water  is  confined  in  a  -vacuous 
space,  tliis  space  becomes  filled  with  vapor,  ■whose  tension  de- 
pends on  the  temperature,  and  rapidly  increases  as  the  tempera- 
ture rises.  It  is  the  object  of  the  steam-engine  to  convert  this 
tension  into  mechanical  effect.  Every  steam-engine  must,  then, 
consist  of  two  parts ;  first,  the  boiler,  in  which  the  steam  is  gen- 
erated ;  secondly,  the  machine  proper,  by  -which  the  tension  of 
the  steam  is  made  to  do  mechanical  work.  We  shall  do  -well  to 
examine  tlic  various  forms  wliich  are  given  to  these  parts  sepa^ 
rately. 

(305.)  The  Boiler.  —  The  form  of  the  stoam-boilcr  varies  very 
greatly  -with  the  purposes  to  which  it  is  to  be  applied,  and  on  its 
proper  construction  the  safe  and  economical  working  of  the  ma- 
chine in  great  measure  depends.  The  boiler  is  the  origin  of  the 
power  ;  it  is  where  the  heat  evolved  by  the  burning  combustible 
is  combined  -with  water,  to  reappear  in  the  expansive  force  of 
steam.  The  machine  proper  merely  transmits  this  force,  and, 
like  any  other  machine,  it  can  neither  increase  nor  diminish  it, 
except  so  far  as  the  force  is  expended  in  overcoming  friction  or 
otlier  resistances  in  the  machine  itself. 

The  two  chief  requisites  for  a  steam-boiler  are  evidently,  first, 
the  strength  required  to  resist  the  expansive  force  of  the  steam 
without  an  unnecessary  expense  of  materials  ;  and,  secondly,  tlie 
capability  of  furnisliing  the  amount  of  steam  required  by  the  en- 
gine in  any  given  time,  with  the  smallest  possible  expenditure  of 
fuel.  The  boilers  are  usually  made  of  plates,  either  of  wrought- 
iron  or  of  copper,  riveted  together,  and,  -when  necessary,  are 
strengthened  by  cross  iron  stays  in  the  interior.  Copper  is  the 
best  material,  but  iron  is  almost  invariably  preferred  on  account 
of  its  cheapness.  The  thickness  of  the  plates  is  made  such  that 
the  boiler  will  resist  a  veiy  much  greater  tension  than  any  to 
which  it  can  ever  be  expected  to  be  exposed. 

It  is  generally  assumed,  that,  in  order  to  supply  a  steam-engine. 
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35  litres  of  water  must  be  evaporated  in  tho  boiler  each  hour  for 
every  horse-power.  Now,  we  know  that  at  least  650  X  35  =; 
22,750  units  of  heat  are  requh'ed  in  order  to  convert  35  kilo- 
grammes of  water  into  steam ;  and  this  amount  must  therefore 
be  transmitted  duruig  an  hour  through  the  boiler-plates  for  every 
horse-power  of  tlie  enguie.  But  since,  even  tlirough  the  best 
conductors,  heat  is  transmitted  with  exti-eme  slowness,  so  large 
a  quantity  can  only  be  made  to  pass  by  exposing  a  large  surface 
to  the  action  of  the  flame.  Hence  the  extent  of  the  heatiii^  sur- 
face, and  not  the  amoiuit  of  water  contained  in  a  boiler,  is  tho 
measure  of  its  capacity  to  generate  steam.  It  is  the  general  nile 
to  allow  about  1.7  square  metres  of  heating  surface,  and  about  70 
square  centimetres  of  grate-bars  to  every  liorse-power.  Moreover, 
in  order  to  obtain  the  full  effect  of  tho  combustible,  it  is  essential 
that  tlie  heated  products  of  combustion  should  be  kept  in  con- 
tact with  the  surface  of  the  boiler  until  tiie  temperature  of  the 
smoke  is  reduced  as  nearly  as  possible  to  that  of  the  water  in 
the  boiler.  This  is  accomplished  by  making  tlie  smoke  circulate 
through  tortuous  flues  in  contact  with  the  surface  of  the  boiler. 
The  quantity  of  heat  produced  by  tlie  burning  combustible  is  far, 
however,  from  being  enthely  economized.  It  has  been  found,  by 
experiment,  that  the  whole  amount  of  heat  evolved  by  burning 
one  kilogrimme  of  bitiumnous  coil  is  equal  to  about  7,500  units, 
which  would  change  into  steam  ^^%t  =  11.5  kilogrammes  of 
watei,  if  it  til  passed  thiou^h  the  boiler-plates  into  the  water ; 
but  so  much  heit  11  lost  by  mcomplcte  combustion,  by  radiation, 
by  conduction  through  the  miss  of  tlie  furnace,  and,  finally^  by 
the  smokt  which  mu&t  be  discharged  into  the  chimney,  still 
heated  to  between  200°  and  400°  in  oider  to  sustain  the  draught, 
that  practically  one  kilogramme  of  coal  will  not  evaporate  more 
than  from  fi\c  to  i  mu  kilngnnimes  of  water  with  tlie  best  con- 
•itiuuted  furnaces. 

The  conditions  of  efficient  ac- 
tion just  considered  are  best  com- 
bined in  what  is  termed  the  Com- 
i=!h  boiler,  which  is  represented  in 
Fig  436.  It  is  cylindrical  in 
foim,  frequently  over  forty  feet 
m  b  ngth,  and  from  five  to  seven 
feet  ill  diameter,  with  two  flues, 
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which  extend  tho  ivhole  length  of  the  hoibr  ;  they  are  perfectly 
cyUndrical,  and  of  Biifiicient  magnitiide  to  admit  a  furnace  in 
each.  After  the  heated  gases  have  traversed  these  iron  flues, 
they  are  returned  around  the  surface  of  the  boiler  by  external 
flues  made  in  the  brick-work  which  supports  it.  The  circuit 
which  the  hot  gases  perform  in  contact  with  the  boiler  surface  la, 
not  unfrequently,  150  feet  long,  and  the  heating  siu'face  exposed 
to  their  action  over  3,000  square  feet.  Another  form  of  boiler 
much  used  foi  stationaiy  engines  in  France  is  represented  in 
Figs  4S7  and  4"^      This  boiler  is  also  cylindrical,  but  in  the 


4^.1 


'7\ 


place  of  the  internal  flues  used  in  the  Cornish  boiler,  the  heating 
surface  is  increased  by  means  of  two  tubes  bouilleurs,  B,  Fig. 
437,  which  are  connected  with  the  main  cylinder  by  the  vertical 
tubes  P,  P,  P.  The  flame  of  the  fnrnaee  plays  directly  against 
the  tubes  bouilleurs ;  the  heated  gases  are  then  returned  under 
the  main  cylinder  in  the  flue  O,  Fig.  438,  and  are  finally  dis- 
charged into  tlie  chimney  through  the  side  flues  x,  x,  while  a 
damper  at  R  serves  to  regulate  the  draught. 

"Witli  a  stationary  boiler,  economy  of  fuel  is,  a^  a  general  rule, 
the  great  desideratum ;  and  in  most  cases  that  form  can  be  given 
to  it  by  which  tliis  end  is  best  attained.  It  is  different  with  tho 
boiler  of  a  steamship  or  of  a  locomotive  engine.  With  the  first, 
economy  of  fuel  is  also  the  primary  consideration,  because,  other- 
wise, long  voyages  would  be  impossible  ;  but  economy  of  space 
must  also  be  considered,  and  it  is  therefore  essential  that  the  size 
of  the  boiler  should  he  restricted  to  quite  narrow  limits.  With 
the  locomotive,  on  the  other  hand,  speed  is,  as  a  general  rule,  the 
great  object,  and  this  must  be  attained  at  any  cost  of  fuel.  But 
52* 
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speed  implies  a  very  rapid  consumption  of  steam,  since  for  every 
revolution  of  tlie  driving-wheel  of  a  locomotive  its  two  cylinders 
must  be  filled  and  vented  twice  ;  Iience  the  chief  requisite  of 
a  locomotive  boiler  is,  that  it  should  generate  the  greatest  pos- 
sible amount  of  steam  in  a  given  time.  In  all  cases,  the  ma- 
chinist endeavors  to  combine  the  requisite  conditions  as  well  as 
the  circumstances  admit,  and  the  efficiency  of  his  engine  depends 
in  great  measure  on  his  success.  Unfortunately,  he  is  guided 
almost  entirely  by  empirical  rules  ;  and  there  are  few  branches 
of  practical  art  in  which  so  much  remains  to  be  determined  and 
improved,  and  scarcely  any  which  theoretical  science  has  done  so 
little  to  advance. 

The  nsual  form  given  to  the  boiler  of  a  locomotive  is  repre- 
sented in  Fig  439  The  furnace  A,  called  the  Jire-box,  is  within 
the  boUer,  and  surrounded 
by  water  except  at  the  door 
D  and  at  the  ash-pit.  The 
flime  is  conducted  from  tliis 
firp-bos  to  the  smoke-bov  B 


thiough  a  large  number  of 
bliss  tubes,  which  are  all 
surrounded  by  the  water  of 
the  boiler.  There  it  meets 
with  a  jet  of  steam  coming 
fiom  the  cylinders,  which 
creates  a  strong  draught  and  drives  the  waste  gases  up  the  chim- 
ney. The  boiler  of  a  locomotive  is  surmounted  by  the  steam- 
dome,  E;  and  a  tube  with  a  funnel-shaped  orifice,  opening  near 
the  top  of  this  dome,  receives  the  steam  and  conveys  it  to  tlie 
cylinders  tlirough  F.  This  arrangement  prevents,  to  a  great 
degree,  the  spray,  which  rises  from  the  water  of  the  boiler 
and  is  mixed  with  the  steam  in  the  upper  part  of  it,  from 
reaching  the  cylinders ;  as  the  steam  ascends  tlie  steam-dome, 
this  spray  falls  back,  and  nothing  but  pure  steam  enters  the 
tube. 

The  steam-boiler  is  always  provided  with  several  appendages 
for  the  purpose  of  regulating  the  quantity  of  water,  for  meas- 
uring the  tension  of  the  steam,  and  for  preventing  the  accu- 
mulation of  a  pressure  which  would  endanger  the  safety  of  the 
boiler. 
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It  is  essential  for  tlio  good  working  of  tho  boiler,  that  tho 
wat«r  should  always  coTcr  the  whole  heating  surface ;  hence 
it  must  be  maintained  above  the  level  of  the  fines.  The  water 
is  supplied  to  the  boiler  through  the  pipe  a  (Fig.  437),  which 
reaches  nearly  to  the  bottom.  This  pipe  communicates  either  witli 
an  elevated  reservoir,  or  with  a  force-pimip  moved  by  the  engine, 
tlie  size  of  the  pump  being  so  adjusted  that  the  amount  of  water 
forced  into  tlie  boiler  during  a  given  time  shall  be,  as  nearly  as 
possible,  equal  to  that  which  escapes  in  the  condition  of  steam 
through  tlie  steam-pipe  v  during  the  same  interval.  This  adjust- 
ment, however,  is  necessarily  imperfect ;  and  hence  a  great  variety 
of  inventions,  by  which  the  supply  of  water  ia  regulated  automati- 
cally, and  made  to  depend  on  the  position  of  the  water-level  in 
the  boiler.  Various  contrivances  are  in  use  for  indicating  to  the 
engineer  the  height  of  the  water.  One  of  the  simplest  of  these  is 
the  glass  gauge  represented  at  n  (Fig.  437).  It  consists  of  a  thick 
glass  tube  firmly  cemented  into  iron  caps,  by  means  of  which  it 
communicates  with  the  interior  of  the  boiler.  It  is  so  placed, 
that,  when  tlie  water  is  at  the  proper  level,  the  lower  end  shall 
open  below  the  surface  of  the  water,  and  the  upper  end  above  it ; 
consequently,  the  water  wJU  always  stand  at  the  same  level  m  the 
tube  as  in  the  boiler.  Another  kind  of  indicator  is  represented  at 
/'.  It  consists  of  a  float,  which  is  connected  with  a  counterpoise 
by  a  metallic  wire  passing  over  a  pulley,  and  through  a  packit)^- 
box  in  the  top  of  the  boiler.  The  position  of  the  level  of  the 
water  is  mdicated  either  by  the  position  of  the  counterpoise,  or  by 
a-  needle  attached  to  the  axis  of  the  pulley,  and  moving  over  a 
graduated  disk.  Some  boilers  are  also  provided  with  an  alarm- 
whistle,  S,  so  arranged  that  it  is  opened  by  the  float  /  when  the 
level  of  the  water  falls  too  low. 

The  tension  of  the  steam  in  the  interior  of  the  boiler  is  indi- 
cated by  a  manometer,  which  may  be  either  of  those  already 
described  (Pigs.  104,  273,  or  279). 

In  order  to  hmit  the  tension  of  the  steam,  every  boiler  is  fur- 
nished with  one  or  more  safety-valves,  represented  at  P  (Fig.  437), 
and  also  in  detail  in  Fig.  440.  The  valve  is  kept  closed  by  the 
weight  P,  acting  on  the  lever  O,  and  this  weight  is  so  adjusted 
to  the  area  of  the  valve,  that  the  valve  will  open  as  soon  as 
the  tension  of  the  steam  exceeds  a  limited  amount.  The  area  of 
tho  valve  is  adjusted  to  the  extent  of  the  heating  surface  of  tho 
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boiler,  and  to  the  maximum  tension  at  ■which  tlio  boiler  can  bo 
worked  with  safety.  It  is  determined  by  means  of  the  empirical 
formula, 

in  which  '/  is  the  dnniclLr  of  the  ^aht ,  6  the  iiea  of  the  heating 
surface  ot  the  boilei  ijid  H  the  mixiraum  ten&ion  uf  the  steam. 
It  has  been  found  that  a  %il\e  with  the  dimensions  gntii  by  this 


formula  will  allow  all  the  steam  to  escape  which  can  be  generated 
hy  the  most  active  fire  ;  but,  for  greater  security,  a  boiler  is  gen- 
erally provided  with  two  valves  of  these  dimensions. 

We  can  also  limit  the  tension  of  the  steam  by  fixing  a  limit  to 
its  temperature.  This  can  foe  done  by  closing  a  tubulatiiro 
adapted  to  the  upper  part  of  tlie  boiler  with  a  plate  made  of 
fusible  alloy,  whose  proportions  have  been  so  adjusted  (272)  that 
it  shall  melt  when  the  steam  attains  the  temperature  "wliich  cor- 
responds to  the  maximum  tension  which  the  boiler  is  calculated 
to  sustain.  This  plate,  which  is  quite  brittle,  is  held  in  its  place 
by  an  iron  collai-,  and  protected  by  an  iron  grating,  which  enar 
bles  it  to  resist  the  pressure  of  the  steam.  The  use  of  these 
plates,  however,  is  liable  to  serious  objections.  They  not  only 
render  the  boiler  unserviceable  for  the  time,  if  they  yield,  but, 
moreover,  the  melting-point  of  the  plate  is  liable  to  a  change 
from  the  eliqiiation  of  the  moi-e  fusible  metal. 

(306.)  Dimensions  of  SteaiH'Boilers.  -^  As  in  the  last  sec- 
tion the  dimensions  of  the  steam-boiler  were  given  in  French 
measure,  it  may  be  well  to  add  the  following  English  data,  taken 
from  tlie  Eneyclopiedia  Britannica,  Article  Steam-Engine,  pre- 
mising that  by  a  horse-power  is  meant  a  force  of  that  intensity 
which  "will  raise  33,000  pounds  one  foot  per  miimto,  or  nearly 
2,000,000  pounds  one  foot  per  hour. 
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Condilions  for  each  fforse-Power.  g^J^J.     'SS^'' 

Quanlity  of  water  to  be  evaporated  per  hour  in  cubic  feet,  1  1 

Volume  of  water  in  boiler  in  cubic  feet,          ...  10  or  more. 

Volume  of  steam  in  steam-chamber  in  cubic  feet,        .  1 0  or  more. 

Area  of  flre-grate  in  square  feet,           ....  1  2 

Area  of  heating  surface  in  square  feet,      .         .         .  ]  3  60  to  70 

Grcuit  of  flues  in  linear  feet, GO  150 

Re$vlts. 
Bituminous  coal  per  hour  for  each  horae-power,     .         .       lOlbs.    Sjlba. 
Water  evaporated  by  each  pound  of  coal,  .         .  C  "    11|  " 

Bituminous  coal  consumed  per  hour  for  eacli  square  foot 

of  grate, 10  "      2-;  " 

(307.)  Watt's  Condensing- Engine.  —  The  steam-engine,  in 
lis  present  form,  was  invented,  between  the  years  1763  and  1769, 
by  James  Watt,  originally  a  maker  of  pliilosophical  instruments 
in  Glasgow.  This  invention  stands  -without  a  parallel  in  the 
history  of  tlie  mechanic  arts.  Perfect  almost  from  its  first  con- 
ception even  in  its  minutest  details,  it  has  since  received  no 
improvement  involving  a  single  principle  unknown  to  Watt.  It 
is  true  that  we  have  machines  at  the  present  day  which,  not 
only  in  magnitiide,  but  also  in  the  perfection  of  the  mechanical 
details,  and  in  the  beauty  and  simplicity  of  the  combination  of 
the  several  parts,  far  exceed  any  Watt  ever  saw  ;  but  all  these 
improvements  have  been  only  the  necessary  development  of  his 
first  conception. 

Most  of  the  parts  of  the  condensing-engine  ai-e  shown  in  Fig, 
441,  -which,  although  necessarily  imperfect  in  its  details,  will 
serve  to  illustrate  tho  relation  of  the  parts.  The  most  essential 
part  of  the  machine  is  the  large  cast-iron  cylinder  (shown  on  the 
left-hand  side  of  the  cut),  witliin  which  moves  the  piston  P. 
The  interior  of  this  cylinder  is  turned  on  a  lathe,  so  as  to  be 
perfectly  true,  and  the  sides  of  the  piston  are  made  elastic  by 
what  is  termed  the  packing;  which  prevents  any  leakage  of  the 
steam  around  the  edge.  The  surfaces  of  this  piston  receive 
directly  the  pressirro  of  the  steam  ;  and  it  is  therefore  to  be  re- 
garded as  the  point  of  application  of  the  expansive  force,  and 
the  origin  of  the  motion  of  the  engine.  The  steam  generated 
in  the  boiler  just  described,  and  conveyed  to  the  machine  through 
the  steam-pipe,  is  first  received  into  the  valve-chest  b  through  the 
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aperture  o,  and  from  this  it  is  admitted  alternately  into  the  top 
and  bottom  of  the  cylinder  by  a  sliding-valve,  -which  is  moved  by 
tlie  rod  b  m,  passing  through  a  packing-box  on  top  of  the  valve-cheat. 


Iho  '.ame  ^  lUe  A-=o  opcn&  and  closcb  tho  ^™t  hole  a  >iy  -nhich 
the  steam,  after  havmg  done  itg  woik  m  monng  the  piston,  is 
discharged  alternately  from  cither  end  of  tlie  cylmdei  through 
the  educttim-pipe  U.  When  the  valve  is  in  the  position  repre- 
sented in  Pig.  441,  the  steam  has  free  access  to  the  upper  part  of 
the  cylmder,  and  presses  on  the  top  of  the  piston,  ivliile  from  the 
space  belew  the  piston  a  vent  is  opened  through  the  tube  a  U. 
Consequently  the  piston  falls ;  but  when  it  reaches  the  bottom  of 
the  cylinder,  the  position  of  the  valve  is  suddenly  cha;nged  to  that 
represented  in  Pig.  442,  and  a  connection  is  opened  betis-een  the 
npper  part  of  the  cylinder  and  the  eduction-pipe,  while  at  the 
same  time  the  steam  is  admitted  below  the  piston,  whose  motion 
is  thus  reversed.     When  the  piston  reaches  the  top  of  the  eyiin- 
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der,  the  position  of  ilic  t  ih  i.  is  j.giin  Lhiiigul  nnd  thus  continu 
ously,  so  that  a  reuiprocatiiif,  motion  is  tht  itsult  This  motion 
is  communicated  by  the  piston  rod  A,  wluch  passes  *iteam  tight 


through  tlio  packing-box  d,  on  the  head  of  the  cylinder,  to  one 
arm  of  the  large  lever  L,  called  the  beam,  and  by  the  beam  it  is 
further  transmitted  through  tlie  connectiiig--^od  I  to  the  crank  K, 
whicli  turns  tlie  shaft  of  the  engine,  and  gives  motion  to  the  ma- 
chinery connected  with  it. 

Fl^f-Wheel. — When  the  piston  is  at  the  top  of  the  cylinder,  tlie 
crank  is  in  its  lowest  position ;  and,  on  the  other  hand,  when  tlie 
piston  is  at  the  bottom  of  the  cylinder,  the  crank  is  in  its  highest 
position.  In  either  of  these  positions,  called  the  dead  points,  it 
is  obvious  that  the  pressure  of  the  steam  can  communicate  no 
motion  to  the  crank,  and  the  machine  would  come  to  rest  were  it 
not  for  the  large  iron  wheel  V,  called  tlie  Jly-wheel,  which  is 
attached  to  the  shaft  and  revolves  with  it.  This  wheel,  which 
has  a  large  mass  of  matter  in  its  rim,  having  once  received  a 
certain  velocity  of  rotation  on  its  axis,  carries  by  its  inertia  the 
crank  and  piston  through  the  dead  points,  and  brings  them  into 
a  position  in  which  the  power  becomes  effective. 
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The  liy-whcel,  moreover,  equalizes  tlie  motion  of  the  machine, 
and  gives  a  uniformity  to  its  action  it  could  not  otherwise  have, 
owing  to  the  unequal  leverage  at  which  the  connecting-rod  acts 
on  the  crank  in  its  different  positions.  Then,  again,  the  uni- 
form rotation  of  the  wheel  acts  back  ixpon  the  piston  throxigh 
the  crank  with  the  happiest  effect,  bringing  the  piston  slowly  to 
rest  at  the  end  of  each  stroke,  and  thus  preventing  the  jar  which 
would  result  from  a  sudden  change  in  the  dnection  of  the  mo- 
tion. Indeed,  tliis  whole  combination  is  one  of  tlie  happiest 
results  of  mechanics,  and  wiU  repay  the  most  careful  study.  A 
fly-wheel  is  only  essential  in  a  stationary  engine.  In  the  engine 
of  a  steamboat  or  a  locomotive,  the  same  effect  is  produced  by 
the  momentum  of  the  moving  mass. 

P(M-allel  Motion.— The  system  of  jointed  rods  CD  jG  (Fig.  441) , 
by  which  the  piston-rod  is  connected  with  the  beam,  called  tlie 
parallel  motion,  is  an  ingenious  invention  of  Watt  to  prevent  any 
lateral  strain  on  the  former.  Smce  the  end  of  the  piston-rod  must 
move  in  a  vertical  line,  while  the  end  of  the  beam  describes  the  are 
of  a  circle  coinciding  with  this  luie  only  at  one  point,  it  is  easy 
to  see  that  they  could  not  be  dh-ectly  jointed  together ;  and  it 
can  also  be  readily  shown,  by  the  principle  of  the  composition  of 
forces,  that,  if  they  were  connected  by  the  rod  D  alone,  a  lateral 
strain  would  be  exerted  on  the  piston-rod  which  woxdd  soon  de- 
range the  machinery.  By  means  of  the  system  of  rods  repre- 
sented in  the  figure,  the  end  of  the  piston-rod  is  suffered  to 
move  in  a  vertical  direction,  and  the  lateral  force  resultuig  from 
the  decomposition  of  the  motion,  in  its  transmission  to  the  beam, 
is  balanced  by  the  resistance  of  the  rods  C  and  E,  called  radius 
bars,  which  are  connected  by  joints  to  the  frame  of  the  engine. 

The  parallel  motion  of  Watt  does  not  completely  answer  its 
object,  tliat  is,  it  does  not  cause  the  end  of  the  piston-rod  to  move 
hi  an  absolutely  straight  line  ;  and  when  the  stroke  of  the  piston 
bears  a  large  proportion  to  the  length  of  the  beam,  tlie  deviation 
from  a  straight  lino  becomes  of  practical  importance.  Hence, 
a  large  number  of  other  parallel  motions  which  have  been  in- 
vented to  remedy  this  defect.  One  of  the  simplest  contrivances 
for  the  purpose,  and  the  one  generally  used  in  this  country, 
consists  in  directing  the  motion  of  the  piston-rod  by  a  cross-piece 
sliding  in  vertical  grooves,  which  are  kept  in  their  place  by  a 
stiff  frame-work. 
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The  Eccentric. —  It  lias  already  been  shown  that  the  connec- 
tions between  the  ends  of  the  cyhnder  and  the  holier  or  vent- 
tube  may  be  alternately  opened  and  closed  by  a  sliding  moticn 
given  to  tlie  valve  ;  it  now  remains  to  show  how  tliis  motion 
is  obtained  automatically.  A  wheel  (£,  Fig.  442),  called  the 
eccentric,  is  so  attached  to  the  main  shaft  of  the  engine  that  its 
centre  does  not  coincide  with  the  axis  of  rotation.  This  eccen- 
tric revolves  within  a  metallic  ring,  G,  and  imparts  to  it  a  back- 
ward and  forward  motion,  which  is  transmitted  by  the  arm  Z  Z 
to  a  bent  lever,  Soy,  and  by  that  to  the  rods  d  and  b,  which  act 
directly  on  the  valve.  The  extent  of  the  motion  of  the  valve 
is  easily  regulated  by  the  lengtli  of  the  arms  of  the  lever,  and 
the  moment  at  which  it  begins  to  move  in  either  db-ection  is 
determined  by  the  position  of  the  eccentric  on  the  shaft.  Tn 
starting  the  engine,  or  in  reversing  its  motion,  tlie  valves  are 
moved  by  hand,  and  there  is  always  a  handle  connected  witli  the 
lever  So  jr  for  the  purpose.  It  is  not  until  after  the  fly-wheel 
has  acquired  a  certain  momentum,  that  the  arm  Z  Z  of  the 
eccentric  is  geared  on  to  the  lever  at  S.  In  order  to  stop  the 
engine,  the  arm  is  ungeared  and  the  motion  of  the  valves  regu- 
lated, as  before,  by  hand.  There  is  no  part  of  the  steam-engine 
on  which  more  ingenuity  has  been  shown  than  on  the  valves,  and 
the  automatic  machinery  for  opening  and  closing  them.  The  form 
of  the  valve  represented  in  the  above  figures  is  the  simplest,  and 
is  very  generally  used  in  small  engines ;  but  in  large  engmes 
tliere  are  frequently  four  separate  valves,  which  are  opened  and 
closed  independently. 

The  Condenser.  —  If  the  eduction-pipe  U(Fig.  441)  opened  di- 
rectly into  the  atmosphere,  tlie  engine  would  work  perfectly  well 
with  only  the  parts  which  have  been  now  described  ;  only  there 
would  be  a  loss  of  power :  for  a  portion  of  the  expansive  force  of 
steam  :would  be  expended  in  overcoming  tlie  pressure  of  the  air. 
Watt  avoided  a  part  of  tliis  loss  by  an  application  of  the  well- 
known  law  (287),  that  the  tension  of  any  vapor  in  vessels  com- 
municating with  each  other  is  always  that  which  corresponds  to 
tlie  temperature  of  the  coldest  vessel.  He  connected  the  educ- 
tion-tube of  his  engine  with  a  larged  closed  iron  bos  (O,  Fig, 
441),  called  the  condenser,  so  that  whenever  by  the  motion  of 
the  valve  the  orifice  of  the  eduction-tube  is  opened,  the  waste 
steam  mshes  at  once  into  the  co3d  vessel,  leaving  a  partial 
.53 
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vacuum  in  the  cylinder,  against  which  the  fresh  steam  acts  with 
nearly  i(s  full  force. 

The  gain,  however,  thus  obtained  is  not  so  great  as  it  would 
at  first  sight  seem,  since  a  portion  of  the  power  thus  realized  is 
expended  in  working  the  pumps  connected  with  the  condenser. 
In  order  to  produce  a  sudden  condensation  of  the  steam,  it  is 
necessary  to  discharge  into  the  condenser  a  constant  stream  of 
water.  This  water,  forced  in  by  the  atmospheric  pressure  tlu-ough 
the  pipe  T  (Fig,  441),  whicli  ends  in  what  is  termed  a  rose,  is 
showered  in  fine  jots  through  the  chamber.  The  amount  of  water 
which  it  is  thus  necessary  to  introduce  is  at  least  twenty  times  as 
great  as  the  weight  of  steam  condensed,  and  would  soon  fill  the 
condenser.  Hence  the  necessity  of  the  pump  M,  worked  from 
the  beam  of  the  engine,  by  which  both  the  hot  water  and_  any 
air  that  may  be  mixed  with  it  aro  rapidly  removed,  and  the 
water  discharged  into  the  hot  loell  N.  The  piston  of  this  pump, 
called  the  air-pump,  has  generally  about  one  half  of  the  area  and 
one  half  of  the  stroke  of  the  large  piston,  and  the  general  ar- 
rangement of  its  valves  may  be  seen  in  Fig.  443.  The  condenser 
is  usually  entirely  immersed  in  a  tank  of  water,  called  the  cold 
well,  which  is  fed,  when  possible,  by  an  aqueduct,  or  otherwise 
by  a  suction-pump,  as  R,  Fig.  441,  worked  by  a  rod  attached 
to  the  beam  of  the  engine,  and  drawing  its  water  from  some 
neighboring  well.  Still  a  third  piimp  is  frequently  attached  to 
the  beam,  which  draws  water  from  the  hot  well  and  forces  it  into 
the  boiler.  The  supply  of  water  to  the  condenser  is  regulated 
by  a  valve  so  placed  as  to  be  at  the  command  of  the  enguieer, 
and  before  stopping  the  machine  it  is  necessary  to  close  this 
valve. 

The  machine  which  has  just  been  described  may  be  regarded 
as  a  representative  steam-engine.  The  student  must  not  expect 
to  find  the  parts  of  an  actual  working  engine  as  simple,  or  com- 
bined in  the  same  way,  as  those  represented  in  Fig.  441 ;  but 
having  once  become  familiar  with  the  parts,  as  they  aro  shown  in 
this  figure,  he  wiU  be  able  readily  to  recognize  thom  in  a  work- 
ing engine,  and  to  trace  out  the  connection  of  their  motions. 

(308.)  Single-acting  Steam-Bngine.  —  When  the  steam-engine 
is  used  for  pumping  water,  which  was  at  first  its  only  practical 
application,  its  force  is  required  only  in  raising  the  pump-rods 
with  their  load   of  water,  then'  own  weight  being  more   than 
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sufficient  fui  thou  de<iC(,nt.  If  the  pi'it{iii  and  pump  rods  are 
attached  to  opposite  ends  of  a  working-heaui,  thp  force  of  the 
steam  is  only  requued  m  pressing  the  piston  down .  and  there  is, 


therefore,  no  necessity  of  admitting  tJie  steam  to  tlie  bottom  of 
the  cyhnder.  Engines  constructed  for  this  purpose,  in  which  the 
steam  acts  only  on  one  side  of  the  piston,  are  called  single-acting 
engines,  to  distinguish  them  from  the  double-acting  engines  de- 
scribed in  tlie  last  section.  Tliey  are  generally  used  for  pumping 
■water  from  mines,  and  are  frequentiy  called  Cornish  engines, 
because  they  were  brought  to  perfection,  in  the  mining  district  of 
Cornwall,  in  England.  A  representation  of  one  of  these  engines 
is  given  in  Fig.  443, 

The  steam  from  the  boiler  enters  the  Yalvc-chest  by  the  tube 
T.  A  rod,  d,  passing  tlirough  a  packing-box  in  tlie  top  of  tlie 
valve-chest,  moves  three  valves,  m,  n,  o.  The  valves  m  and  o 
open  upward,  while  the  valve  n  opens  downward.  When  the 
valves  are  in  the  position  represented  in  the  figure,  ni  and  o  open 
and  n  closed,  the  steam  from  the  boiler  exerts  its  full  effect  on 
the  upper  surface  of  the  piston,  and  presses  it  down ;  but  just 


d  by  Google 


628  CHEMrCAL  PHYSICS. 

before  the  piston  reaches  the  lowest  point  of  its  course,  a  projec- 
tioji,  b,  on  tlie  rod  F,  moved  by  the  beam,  strikes  the  arm  of  a 
beut  lever,  dck,  which,  acting  on  tlio  valve  rod  at  d,  causes  it  to 
descend,  thus  closing  the  valves  m,  o,  and  opening  the  valve  n, 
called  the  equilibrmm  valve.  All  connection  between  t!ie  cylin- 
der and  either  the  boiler  or  condenser  is  now  closed ;  but  the  two 
ends  of  the  cylindar  freely  communicating  together,  the  piston  is 
raised  by  the  weight  of  the  pump-rod  Q,  while  the  steam  passes 
from  the  top  to  the  bottom  of  the  cylinder  through  the  tube  C 
As  the  piston  now  reaches  the  top  of  the  cylinder,  a  second  pro- 
jection, a,  on  the  rod  F,  strikes  the  end  of  the  bent  lever  and 
restores  the  valves  to  their  first  position ;  then  the  piston  descends 
as  before,  and  so  continuously.  Parallel  motion  is  obtained  in 
these  engines  by  the  very  simple  arrangement  represented  in  the 
figure,  and  the  condenser  is  the  same  as  tliat  described  in  the  last 
section.  The  efficiency  of  these  engines  is  estimated  by  the 
number  of  pounds  of  water  which  they  are  capable  of  elevatuig 
one  foot  by  the  combustion  of  one  bushel  of  coal.  This  number 
is  termed  the  duty  of  the  engine.  By  a  careful  construction 
and  management  of  the  engine  and  boiler,  this  duty  has  been 
raised  as  high  as  125,000,000  pounds. 

(309.)  The  Narireondensing  Engine. — This  form  of  the  steam- 
engine  differs  from  those  just  described  only  m  this  that  it  his 
no  condenser,  and  the  steam  is  vented  from  the  cjlmder  dnectly 
into  the  atmosphere.  Although,  for  the  reasons  alieody  stited,  it 
cannot  be  worked  so  economically  as  the  conden  mg  tngme  it 
has  the  advantage  of  greater  simplicity  and  com]  actness  ind  it& 
first  cost  is  much  less  than  that  of  its  moie  eumhions  rival  It 
is  therefore  frequently  preferred  when  these  consideiati  ns  aie  of 
more  importance  than  the  saving  of  a  few  tone  of  coal  Th  lo  is 
nothing  peculiar  in  the  constraction  of  this  foim  of  engme,  and 
either  of  tlie  machines  just  described  might  be  comeited  into  a 
non-condensing  engine  by  simply  cutting  off  the  eduction  tubp 
and  disconnecting  the  pump-rods  from  the  beam.  Of  this  class 
the  most  important  is  the  locomotive  engine  (Fig.  444),  and 
we  have  selected  it  as  an  example.  The  construction  of  the 
boiler  of  a  locomotive  has  already  been  described  ;  and  since 
we  are  now  acquainted  with  the  construction  of  the  single  parts 
of  a  steam-engine,  it  will  only  bo  necessary  to  point  tlicm  out 
in  the  figure. 
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\  A  IS  tlie  main  body  ot  tliu  Ijoilei  ,  D,  the  lower  part  of  tho 
fiiebox,  Y,  the  smok  box,  o,  the  briss  tubes  connecting  the 
two  ,  O,  "the  hre  ilooi,  by  whioh  the  fuel  ib  mti'odiiced  ;  «,  the 


water giuge  mdicitmg  th?  level  of  the  water  in  the  boiler; 
H,  tlie  Tentrcock,  by  which  the  water  can  be  discharged  from  the 
boilor;  R,K,  the  feedeis  which  conduct  water  from  the  tender 
to  two  force-pumps  (not  shown  in  the  drawing),  by  wliich  it  is 
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forced  into  the  boiler;  7.  Z,  the  dome  of  the  boiler;  i,  the  safety- 
Talves,  wliich  are  held  in  place  by  spiral  springs  enclosed  in  the 
cases  e ;  g;  the  steam-whistle  ;  I,  the  valve  opening  into  the 
steam-pipe ;  G,  a  rod  which  controls  the  motion  of  the  valve. 
In  tlie  drawing,  the  engineer  holds  in  his  hand  the  lever  by  which 
tliis  rod  is  turned  and  the  valve  opened  more  or  less,  as  cir- 
cumstances may  reqiiire  ;  a  graduated  arc,  over  which  the  lever 
moves,  enables  him  to  adjust  the  valve  to  any  position,  and  thus 
to  regulate  the  speed  of  the  engine.  A  is  the  steam-tube,  which 
conducts  the  steam  from  the  top  of  the  dome  to  the  two  cylin- 
ders ;  tliis  tube  passes  through  the  boiler  into  the  smoke-box, 
where  it  branches,  as  shown  by  dotted  lines  in  the  figure ;  by 
this  arrangement  any  condensation  of  the  steam,  while  passing 
through  the  pipe,  is  prevented.  F  is  one  of  the  cylinders  •  there 
is  another  on  the  other  side  of  the  s  k  b  tl  t  an  is 
admitted  into  the  ends  of  these  cylind  ai  1  1  h  1  f  m 
them,  by  means  of  sliding  valves  worked  by  t  n  tl     axle 

of  the  driving-wheels ;  there  ai-e  gener  Uy  tw  t  f  tl  ec- 
centrics placed  in  opposite  positions  on  th  1  t  f  the 
forward  and  the  other  for  the  backward  motion  of  the  locomotive, 
and  so  ai-rangeil  that  they  can  be  thrown  out  of  gear  or  brought 
into  action  at  the  pleasure  of  the  engineer.  All  this  part  of  the 
machineiy,  however,  being  beneath  the  boiler,  is  not  visible  in 
tlie  drawing.  E  is  the  eduction-tube,  by  which  the  steam  is 
discharged  from  the  cylinder  into  the  smoke-pipe  Q ;  t,t  are  stop- 
cocks, by  which  any  water  condensed  in  tlie  cylinders  may  be 
vented  ;  P  is  the  piston  ;  V,  the  packing-box,  through  which 
passes  the  piston-rod  ;  r  r  are  guides,  corresponding  to  the  par- 
allel motion  of  the  stationaj'y  engine,  by  which  tlie  piston-rod  is 
forced  to  move  in  a  straight  line,  and  any  lateral  strain  pre- 
vented  ;  and,  finally,  K  is  the  connecting-rod,  by  which  tlie 
motion  of  the  piston  is  communicated  to  the  crank  M  on  the 
axle  of  the  large  driving-wheels.  In  starting  the  locomotive,  as 
in  the  other  forms  of  tlie  steam-engine,  the  valves  must  be  moved 
by  hand ;  a  lever,  communicating  with  the  valves  by  means  of 
connecting-rods,  marked  B  and  C  in  the  figure,  is  always  pro- 
vided for  this  purpose  near  the  front  of  the  engine.  It  is  only 
when  the  train  is  in  motion,  and  its  momentum  sufficient  to 
j-egulate  the  movements  of  the  machine,  that  the  eccentrics  are 
thrown  into  gear. 
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(310.)  Mechanical  Power  of  Steam.  —  ^V"e  can  easily  calcu- 
late the  mecliaiiical  power  generated  by  tlio  conversion  of  water 
into  steam  from  the  known  increase  of  volume  *  which  accompar 
nies  this  change.  For  this  purpose,  let  us  assume  tliat  we  have 
a  tall  cylindrical  vessel,  open  at  the  top,  the  area  of  whose  base 
is  one  square  decimetre.  Let  us  further  assume  that  the  cylinder 
is  filled  with  water  at  4'  to  the  depth  of  one  decimetre,  and  con- 
tains, therefore,  one  litre  or  one  kilogramme  of  the  liquid  ;  and, 
lastly,  let  us  assume  that  a  piston  without  weight,  aiid  moving 
steam-tight  witliout  friction  in  the  cylinder,  rests  on  the  surface 
of  the  water.  If  now  we  raise  the  temperature  of  this  cylinder 
to  100°,  and  furnish  it  with  a  constant  supply  of  heat,  the  water 
will  change  into  steam,  occupyuig  1,698.5  times  its  former  vol- 
ume, and  having  a  tension  of  76  c.  m.,  or  one  atmosphere ; 
which  will  therefore  raise  the  piston  1,697,5  decimetres  under  the 
atmospheric  pressure,  that  is,  will  raise  103.33  kilogrammes  to 
the  height  of  169.75  metres.  The  mechanical  power  thus  exerted 
is,  then,  equal  to  17,540  kilogramme-metres  (compare  238).  If 
we  raise  tlie  temperature  to  ISO^.e,  and  furnish  a  constant  supply 
of  heat,  as  before,  the  water  wiU  change  into  steam  occupying 
896.22  times  its  former  volume,  and  having  a  tension  of  two 
atmospheres.  It  will,  therefore,  raise  the  piston  895.22  decime- 
tres under  the  pressure  of  tlie  air,  when  loaded  with  an  additional 
weight  of  103.33  kilogrammes,  thus  exerting  a  mechanical  power 
of  206.66  X  89.522  =  18,601  kilogramme-metres.  In  like  man- 
ner, the  other  values  given  in  the  fourth  column  of  the  following 
table  may  be  easily  calculated  :  — 


100.0 

1 

1,698.5 

17,540 

637.0 

27.53 

120.G 

2 

896.22 

18,501 

643.3 

28.76 

144.0 

4 

474.81 

19,583 

650.4 

30.11 

170.8 

8 

252.67 

20,804 

658.6 

31.59 

By  comparing  the  conditions  assumed  above  with  those  in  an 
actual  steam-engine,  it  wiU  bo  seen  that  the  power  given  in  the 

*  The  volume  of  the  steam,  as  compared  with  that  of  an  equal  weight  of  water  at 
4°,  can  alwaja  be  obtaioed  by  dividing  the  vfcight  of  one  cubic  metre  of  ivaler  at  4° 
(one  million  grammes)  \>y  the  weight  of  one  cubic  metre  of  steam  as  girea  in  the  table 
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above  talile  is  the  greatest  possible  power  which  can  be  obtained 
by  tlie  conversion  hito  steam  of  one  kilogramme  of  water  at  the 
different  temperatures ;  provided,  as  we  assumed  in  the  descrip- 
tion of  the  steam-engine  (307),  that  the  tension  of  the  steam 
does  not  change  from  the  time  it  leaves  the  boiler  imtil  it  is  dis- 
charged into  the  condenser,  and  provided,  also,  that  tlie  steam 
acts  against  a  perfect  vacuum.  Tliese  conditions  are  never  fully 
realized  in  practice,  so  that  even  with  the  best  regulated  ma- 
chines we  only  obtain  from  one  half  to  two  thirds  of  the  theo- 
retical effect. 

The  total  number  of  units  of  heat  required  to  change  one 
kilogramme  of  water  into  steam  of  one,  two,  four,  and  eight 
atmospheres'  pressure,  as  calculated  by  [202],  is  given  in  the 
fifth  column  of  tlie  above  table,  and  the  sixtli  column  shows  the 
power  obtained  in  each  case  by  the  expenditure  of  one  unit  of 
heat.  It  will  be  noticed  tliat  the  power  is  nearly  the  same  in 
all  cases,  and  hence  it  follows,  apparency,  that  no  important  gain 
is  obtained  by  tlie  use  of  steam  of  high  tension.  There  is,  how- 
ever, a  mode  of  working  the  steam-engine  in  which  the  gain  thus 
effected  is  very  great. 

Let  us  suppose  that  the  boiler  is  supplying  steam  of  four  atmos- 
pheres, which,  as  the  table  shows,  it  can  supply  at  only  a  little 
greater  expenditure  of  heat  (in  otlier  words,  of  fuel)  than  steam 
of  one  atmosphere  pressure.  If  the  engine  were  worked  with 
steam  of  one  atmosphere  pressure  under  the  conditions  described 
above,  each  volume  of  steam  equivalent  to  the  capacity  of  the 
cylinder,  and  weighing,  as  we  wUl  suppose,  one  kilogramme,  will 
do  the  work  of  raising  103.33  kilogrammes  through  a  height 
equal  to  the  length  of  the  stroke  of  the  piston.  Speaking  ap- 
proximatively,  the  same  weight  of  steam  of  four  atmospheres' 
tension  will  do  an  equivalent  work  during  the  first  quarter  of  the 
stroke  ;  for  it  will  raise  four  tunes  103.33  kilogrammes  through 
one  fourth  of  the  previous  height.  Suppose,  now,  that  the  con- 
nection between  the  cylinder  and  tlie  boiler  is  closed  at  this  point, 
it  is  evident  that  the  steam  will  continue  to  exert  an  expansive 
force,  altliough  a  force  lessening  gradually  as  the  capacity  of  the 
cylinder  increases.  When  tlie  piston  has  been  raised  tlirough 
one  half  of  the  stroke,  the  volume  of  the  kilogramme  of  steam 
will  have  doubled,  and  its  tension  have  been  reduced  to  two  at- 
mospheres ;  when  it  has  achieved  three  fourtlis  of  the  stroke,  the 


d  by  Google 


volume  will  have  trebled,  and  the  tension  have  been  reduced  to 
1 J  atmospheres ;  and  even  at  tlie  end  of  the  stroke,  when  the  vol- 
ume has  q\iadrupled,  the  pressure  will  still  be  one  atmosphere. 
Here,  then,  is  a  very  large  gain  of  power  without  any  additional 
expenditure  of  fuel.  In  practice,  these  conditions  are  realized 
by  closing  the  valve  admitting  steam  into  the  cylinder  after  a 
certain  fraction  of  the  stroke,  by  means  of  various  forms  of  au- 
tomatic machinery,  called  ciiiroffs.  The  actual  theoretical  advan- 
tage gained  in  any  case  can  readily  be  calculated.  It  is  evidently 
the  greater,  tlie  higher  the  tension  of  the  steam  in  the  boiler  and 
the  sooner  it  is  <mt  off  after  the  beginning  of  the  stroke  In  no 
case,  however,  is  the  total  practical  effect  a.s  great  as  the  theoret- 
ical power  given  in  the  table  on  page  6S1.  When  thus  worked, 
the  engine  is  said  to  be  worked  expansively. 

We  are  far  from  obtaining  with  the  steam-engine  tlie  full  me- 
chanical equivalent  of  heat,  even  when  working  under  the  most 
favorable  circumstances.  It  will  be  remembered,  that,  according 
to  Joule's  experiments  (238),  one  unit  of  heat  is  capable  of  gen- 
erating a  power  equal  to  430  kilogramme-metres,  which  is  13.6 
times  greater  than  31.59  kilogramme-metres,  the  greatest  pos- 
sible effect  which  could  be  obtained  with  the  steam-engine  when 
not  worked  expansively,  even  under  a  pressure  of  eight  atmos- 
pheres. Considering,  then,  that  we  do  not  realize,  even  under 
the  best  circumstances,  much  more  than  one  half  of  this  theoreti- 
cal effect,  it  will  be  seen  that  we  actually  obtain  with  the  steam- 
engine  only  about  one  twentieth  of  the  power  which  tho  fuel  is 
capable  of  yielding.  To  find  a  more  economical  means  than  this 
of  converting  heat  into  mechanical  effect,  is  one  of  the  great  prob- 
lems of  the  present  age. 

(311.)  Low  and  High  Pressure  Engines.  —  As  the  tension  of 
the  steam  used  in  non-condensing  engines  (309)  is  nccessaiily 
greater  than  the  pressure  of  the  air,  they  are  frequently  called 
high-pressure  engines,  while  the  condensing  engines  are  known 
as  low-pressure  engines.  These  terms,  however,  do  not  correctly 
express  their  nature,  since,  although  the  non-condensing  engine 
must  necessarily  be  worked  at  a  high  pressure,  yet,  as  we  have 
just  seen,  a  great  advantage  is  gained  by  working  the  condensing 
engine  under  a  similar  pressure  ;  and,  in  fact,  the  so-called  low- 
pressure  en^nes  are  frequently  worked  under  as  great  a  head  of 
steam  as  the  high-pressure  engines, 
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PROBLEMS. 

Heat  of  Fusion. 

352.  Three  Idlogrammcs  of  ice  at  0°  are  mix(;<l  with  10  kilogrammes 
of  water  at  100°.  Eequired  the  terapei-ature  of  the  mixture  after  the  ice 
is  melted. 

353.  How  much  ice  at  0°  must  be  added  to  200  kilogrammes  of  water 
at  16°  in  order  to  reduce  its  temperature  to  10°  ? 

354  Solve  the  same  problem,  substituting  letters  for  the  numbers. 

355,  How  much  ice  at  0^  ia  required  to  cool  10  kilogi-ammes  of  mer- 
cury irom  100°  to  0°  ? 

356.  A  mass  of  tin  weighing  55  grammes  and  heated  to  100'  was  en- 
closed in  a  cavity  made  in  a  block  of  ice.  Eequired  fbe  amount  of  ice 
melted. 

357.  Eight  kilogrammes  of  ice  at  0"  were  mixed  with  35  kilogrammes 
of  wafer  at  59° ;  after  the  ice  had  melted,  the  temperature  of  the  water 
was  33''.3.     Eequired  the  heat  of  fusion  of  ice. 

358,  In  order  to  determine  the  heat  of  fiision  of  lead,  200  grammes  of 
melted  lead  at  the  melting-point  were  poured  into  1,850  grammes  of  water 
at  10°.  After  tlie  lead  had  cooled,  the  -water  was  found  to  have  acquired 
a  temperature  of  20°.76,     Required  the  heat  of  fusion  of  the  metal. 

Tensi<m  of  Vapors. 

359.  Before  filling  a  barometer  with  mercury,  a  small  quantity  of  water 
was  poured  into  the  tube.  How  high  will  the  mercury  stand  in  the  ba- 
rometer when  the  temperature  is  20'  and  the  pre^ure  of  the  air  77  c.  m.  ? 
Solve  the  same  problem,  assuming  that  alcohol  was  used  instead  of  water, 

360,  Determine  the  height  of  the  mercury-column  in  a  barometer-tube 
whose  walls  are  moistened  with  water  at  the  temperatures  and  pressures 
indicated  below ;  — 


B'=  76.22  cm 

,    (  =  20". 

4.        R  -.  77,20 

J=  75.11     " 

(  =  i!)". 

S,         H  -  76.54 

if  =74.56     ■' 

t  =  10°. 

6.         i7"=  78.10 

361.  Solve  the  last  problem,  assuming,  first,  that  chloroform,  and,  sec- 
ondly, that  oil  of  turpentine,  were  used  instead  of  water. 

362.  Calculate  by  [199]  the  tension  of  the  vapor  of  water  at  the 
following  temperatures  :  — 10°.24,  15°.45,  40°.25,  60°.58,  1&0°,5,  and 
220°.85. 

363.  Determine  the  tension  of  the  vapors  of  alcohol,  of  ether,  and  of 
chloroform  at  the  following  temperatures,  assuming  that  the  principle  of 
page  582  is  correct :  20°.12,  15°.64,  10°.22,  and  6°.12. 

364.  Determine  the  boiling-point  of  water  under  the  following  pres- 
sures :  74-24  c.  m,,  55.6-1  c.  m.,  34.20  c.  m.,  10.50  o.  m.,  and  5  c.  m. 
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365.  Determine  the  boiling-points  of  alcohol,  ether,  and  oil  of  turpen- 
tine under  the  same  pressures. 

366.  A  cylindrical  vessel  at  the  temperature  of  120°.6  is  filled  with 
vapor  of  water  having  a  tension  of  100  c.  m.  What  will  be  the  tension 
of  the  vapor  if  its  volume  is  reduced  to  one  half  by  pushing  down  the 
piston  ?     "What  will  he  the  tension  of  the  vapor  if  its  volume  is  doubled  ? 

367.  A  glass  vessel  is  fiDed  with  dry  steam  which  at  the  temperature 
of  100°  has  a  tension  of  54.22  e.  m.  To  what  temperature  must  the  ves- 
sel be  cooled  before  the  steam  begins  to  condense  ?  What  will  be  fbe  ten- 
Mon  of  the  steam,  if  the  vessel  is  heated  to  200"  ? 

368.  In  a  strong  iron  vessel,  whose  capacity  equals  5,000  c.  m.%  15.24 
grammes  of  water  are  henaetically  sealed.  Required  the  tension  of  the 
vapor  in  the  interior  of  the  vessel  at  the  following  temperatures  ;  50°, 
100°,  leO"    180°,  and  250°. 

Lotent  Heat  of  Vapors. 

369.  How  much  free  steam  must  be  condensed  in  order  to  raise  the 
temperature  of  20  kilogrammes  of  water  from  0°  to  90°  i*  How  much  to 
raise  the  temperature  of  246  kilogrammes  of  water  from  13"  to  28°? 

370.  How  much  vapor  of  alcohol  must  be  condensed  in  oi-der  to  raise 
the  temperature  of  5  kilogrammes  of  alcohol  from  15°  to  30°  ? 

S71.  Twenty-five  kilogrammes  of  free  steam  condensed  in  a  mass  of 
water  raised  its  temperature  from  4°  to  61°.4.  Required  the  volume  of 
the  water  before  and  after  the  eondensadon, 

372,  How  many  kilogrammes  of  ice  at  0°  would  be  required  to  con- 
dense 25  kilogrammes  of  free  steam,  and  reduce  the  temperature  of  the 
water  formed  to  0°. 

373.  Calculate  the  latent  heat  of  steam  at  the  following  temperatures  : 
25°,  32°,  112°,  175°,  198°,  and   223°, 

374.  Calculate  how  much  heat  is  required  to  convert  one  litre  of  vvater 
at  15°  into  steam  at  its  maximum  tension  at  130°. 

375,  How  much  heat  would  be  evolved  by  the  condensation  of  one 
cubic  metre  of  steam  of  140°  at  its  maximum  tension  into  water  at  20°  ? 


376.  How  much  mechanical  force  is  generated  hy  the  conversion  of  25 
kilogrammes  of  water  at  0°  into  steam  at  140°,  and  Low  much  heat  is 
required  for  the  conversion  ? 

377.  The  piston  of  a  steam-engine  has  a  diameter  of  44  cm.,  and  it 
moves  1.15  m.  each  second.  Required  tlie  weight  which  the  machine  can 
nuse  to  llie  height  of  8  metres  in  one  second,  assuming  that  there  is  no 
resistance,  and  that  lie  tension  of  the  steam  is  2.75  atmospheres.  Deter- 
mine, also,  the  quantity  of  heat  required  to  furnish  the  steam  employed  in 
producing  this  effect. 
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HYGBOMETRY. 


(312.)  Formation  of  Vapor  in  an  Atmosphere  of  Gas.  —  If 
we  repeat  the  experiment  with  the  vessel  of  one  cubic  metre  ca- 
pacity described  in  (284),  with  only  this  change,  that  it  is  loft 
filled  with  air,  we  shall  find  that  the  same  amount  of  aqueous 
vapor  wiU  be  formed  as  in  a  perfect  vacuum.  For  each  tem- 
perature there  will  be  found  to  exist  simultaneously  in  the  cubic 
metre,  first,  an  atmosphere  of  air ;  eecondly,  an  atmosphere  of 
aqueous  vapor,  having  the  weight  and  tension  which  are  given 
in  tlie  table  on  page  571.  .  The  only  difference  between  the  cir- 
cumstances attending  the  formation  of  vapor  in  air  or  any  other 
gas,  and  in  a  vacuum,  is  in  the  time  required.  The  cubic  vessel, 
when  freed  from  air,  would  be  almost  instantaneously  filled  with 
vapor  of  the  given  tension  and  weight ;  but  in  the  same  vessel 
filled  with  air,  the  vapor  wotild  attaui  its  maximum  tension  and 
density  only  after  several  minutes. 

The  tension  of  the  mixture  of  aqueous  vapor  and  air  is  always 
equal  to  the  sum  of  the  tensions  which  each  would  have  if  it 
filled  the  vessel  separately.  This  tension  can  then  be  found  for 
any  temperature  by  adding  to  tlie  tension  of  the  air,  as  indicated 
by  a  barometer,  the  tension  of  aqueous  vapor  taken  from  the 
table  of  maximum  tensions  opposite  to  the  given  temperature. 
Thus,  if  tlie  temperature  were  20°,  and  the  barometer  indicated 
a  tension  of  76  c.  m.,  the  tension  of  the  mixture  of  air  and 
vapor  would  be  equal  to  76  +  1.739  =  77.739,  and  a  barometer 
immersed  in  the  vessel  would  stand  at  that  height. 

If  now  we  suppose  the  vessel  to  be  extensible,  and  exposed  on 
the  outside  to  an  invariable  pi'essure  of  76  cm,,  it  is  evident 
that  it  will  be  expanded  until  the  tension  of  tlie  confined  mixture 
is  reduced  to  the  same  value ;  and  it  is  frequently  a  problem 
of  great  practical  importance  to  determine  what  the  increased 
volume  wiU  be.  In  the  first  place,  it  is  evident  that,  as  tlie  vol- 
ume of  the  vessel  increases,  more  water  will  evaporate,  so  as 
to  keep  the  vapor  at  the  maximum  tension  for  the  temperature. 
Hence,  in  the  expanded  state,  the  tension  of  the  vapor  will  stiU 
be  1.739  c.  m.  It  is,  therefore,  only  the  air  which  expands,  and 
as  the  tension  of  the  mixture  in  its  expanded  state  is  equal  by 
assumption  to  76  cm.,  it  is  evident  that  the  tension  of  the  air 
will  be  equal  to  76  — 1.739  =  74.261  c.  m.     Moreover,  since  the 
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volume  of  the  air  (which  is,  of  course,  also  the  vohimc  of  the 
mixture)  must  he  inversely  as  its  tension  in  llie  two  conditions, 
we  have,  by  [200], 

1  :  F'  =  T4.261  :  76,         whence         V  =  1.023  cTm." 

Tins  solution  may  easily  be  made  general.  Let  H„  represent 
tlie  invariable  pressure  to  which  the  gas  is  exposed,  and  i^,  the 
tension  of  water  vapor  at  the  given  temperature.  Then,  in  the 
expanded  state,  tlie  tension  of  the  air  is  if„  — ^„.  We  have, 
by  substituting  these  valuos  in  [200],  V'.V'  =  n„—€)„:H,; 
whence 

(1.)  V  =  V  jj^,     and  (2.)  7=  V  ^^^-      [203.] 

By  means  of  (1)  we  can  always  calculate  the  increased  volume, 
V,  of  a  gas  when  saturated  with  moisture,  if  the  volume  of  the 
diy  gas  is  known ;  and  by  means  of  (2)  we  can  calculate  from  the 
measured  volume  of  the  moist  gas  tlie  volume,  V,  which  it  would 
have  measured  had  the  gas  been  perfectly  dry.  The  last  problem 
is  one  of  great  importance,  and  generally  presents  iteelf  in  a  form 
like  that  of  the  following  example. 

A  volume  of  gas  confined  in  a  bell-glass  over  water  measures 
250  c^'  when  the  temperature  is  20°  and  the  barometer  76  c,  m. 
What  would  be  the  volume  if  the  gas  were  perfectly  dry  1  By 
substituting  the  data  given  in  (203.  2)  we  obtain. 


"  76 


-  =  244.25  c7m.'.  [204.] 


The  formula  just  employed  gives  in  any  case  the  volume  of  dry 
gas  for  the  temperature  and  pressure  at  which  the  volume  of  the 
moist  gas  was  observed ;  only  it  is  necessary  to  remember,  in 
using  the  formula,  that  .ff^  represents  the  pressure  to  which  the 
mixture  of  gas  and  vapor  was  exposed  at  the  time  the  volume 
was  measured.  This  can  always  be  ascertained  by  the  method 
described  in  (169).  When  the  volume  of  dry  gas  has  been  in 
this  way  determined  for  any  given  temperature  and  pressure, 
it  can  easily  be  reduced  to  0°  and  76  c.  m.  by  means  of  [98] 
and  [184]. 

What  has  been  illustrated  above  in  the  ease  of  the  vapor  of 
54 


d  by  Google 


CHEMICAL   PHT8IC8. 


water,  is  also  tnae  of  tlie  vapors  of  other  liquids.  Tlio  same  quan- 
tity of  liquid  will  evaporate  into  a  cubic  meti'e,  and  a  vapor  will 
be  formed  of  tlie  same  tension  and  density,  whether  the  space  be 
empty  or  filled  with  gas ;  the  only  difference  being  that  the  liquid 
■will  evaporate  very  much  more  slowly  in  the  last  case  tlian  in  the 
first.  What  is  true  of  one  liquid  must  also  be  true  of  any  num- 
ber of  liquids  ;  provided  only  that  these  do  not  act  chemicaliy  on 
each  other,  each  of  tliem  will  evaporate  and  form  a  vapor  of  the 
same  tension  and  density  as  if  the  space  were  a  perfect  vacuum. 
At  least  this  is  true  theoretically,  and  it  would  probably  be  true 
practically  could  we  enclose  the  vapor  within  walls  formed  by  the 
volatile  liquids  themselves.  But  in  the  glass  vessels  with  which 
we  are  obliged  to  experiment,  the  result,  as  above  stated,  is  not 
jjerfectly  realized.  This  is  apparently  owing  to  an  adhesive  action 
of  the  glass,  by  wliich  the  tension  of  the  vapor  is  reduced  below 
the  maximum  tension  for  the  temperature.  This  subject  has 
been  carefully  examined  by  Regnault,  and  we  would  refer  to 
his  memoir*  for  further  details. 

The  principles  of  this  section  may  be  summed  up  in  the  two 
following  propositions,  first  enunciated  by  Dalton,  and  therefore 
known  as  the  Law  of  Dalton.  The  last  proposition,  however,  is 
only  a  necessary  consequence  of  the  first. 

1,  The  tension  and  the  amount  of  the  vapor  which  will  satv- 
rate  a  given  space  at  a  given  temperature  are  the  same,  whether 
the  space  he  completely  empty  or  filled  with  gas. 

2.  The  elastic  force  of  a  mixture  of  gas  and  vapor  is  equal  to 
the  sum  of  the  tensions  which  each  would  have  separately. 

This  law  may  be  illustrated  by  means  of  the  apparatus  repre- 
sented in  Fig.  445.  It  consists  of  a  glass  tube,  A,  closed  at  both 
ends  by  the  iron  stopcocks  b  and  d.  Tlie  lower  stopcock  is  pro- 
vided with  a  aide  tubulature,  into  which  the  tube  B  is  cemented, 
and  a  graduated  scale  placed  between  the  tubes  serves  to  meas- 
ure the  relative  heights  of  the  columns  of  mercury  tliey  con- 
tain. In  using  this  apparatus,  the  tube  A  is,  in  the  first  place, 
about  half  filled  with  dry  air,  or  any  other  gas  from  the  globe  M, 
which  can  be  screwed  on  to  the  stopcock  b  in  place  of  the  tunnel 
C.  The  tunnel  0  is  provided  with  a  stopcock  of  a  peculiar 
construction.     The  plug  of  the  cock,  represented  at  n,  is  not 

*  Comptes  Eondus,  Tom.  XXXIX.  p.  343. 
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pierced,  as  usual,  completely  through,  but  hd-i  'simflj  a  "mill 

cavity  oii  one  side.     Having  now  adjusted  thp  qu  lutity  of  mcr 

cury  ill  the  apparatus  so  that  it  shall 

stand  at  the  same  height  in  botli  tubes, 

and  having  poured  a  quantity  of  liquid 

into  the  tunnel,  we  open  tlie  cock  6 

and  turn  the  plug  of  the  cock  a. so 

that  the  liquid    may  be    introdxiced 

drop  by  drop  into  the  tube  A      Tho 

confined  gas  becomes  thus     itujited 

with  vapor,  and   expindm^    de].i 

es   the   mercuiy-crlumn       We    then 

restore  the  on  mil  \oluine  ly  poui 

ing  mercury  into  the  tube  B       Tho 

tension   of   the   mixture  of  gas   and 

vapor  is  now  eiidcitly  tquil  to  the 

pressure  of  tht,  an  plus  tlie  pre«suio 

of  the  mercury  t,ol  imu  jBo  thus  pro'^ 

ing  tliat  the  tension  of  the  confined 

gas  1  as  be   i  increased  1  y  the  to  sion 

of  tie  vapoi       By   reteir  i  g   to   tie 

tibles     t  w  n  1     fo      1  tut  tl  e  1 

i^iso  of  ten  10  IS  xwtly  eqiil  t 
tlie  maxun  m  te  ision  of  the  sin 
■vipoi  in  a  V1CU  im  when  exp    ed  t  j.    ^ 

the  Eime  ten  j  ei  iture 

(31o  )  Hpi-m  eteis  — Every  cub  c  metr?  of  the  atmosphere 
m  immediate  contact  w  tl  the  earth  is  m  all  lesj  ects  1 1  laily 
sit  nted  towards  tl  e  poi  ds  nnd  i  ers  of  the  globe  a  is  tlie  air 
of  tlie  cul  c  vessel  tiwirds  tl  e  \vater  it  co  ita  ns  E\ery  cubic 
metie  of  tlie  atmosj  heie  is  capable  of  1  Idmg  for  ai  y  tempeia 
tl  IP  the  same  on  o  int  of  aqueous  vapor  a  id  Tip  i  of  tl  ame 
tension  IS  the  ve  el  moreover  water  w  II  cont  nne  to  evaporate 
into  the  atmosphere  until  the  vapor  has  acquired  the  tension 
and  specific  gravity  which  correspond  to  the  temperature.  Tliere 
are,  therefore,  around  the  globe,  as  in  the  cubic  vessel,  two  at- 
mospheres, one  of  air  and  the  other  of  vapor.  When  tlie  air 
has  taken  up  all  the  vapor  which  it  is  capable  of  holding  at 
the  temperature,  it  is  said  to  be  saturated  or  moist ;  when  less, 
it  is  said  to  be  dry.     In  the  last  ease,  it  is  capable  of  absorbing 
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more  water,  and  of  course  dries  up  tlie  moistuve  from  sub- 
stances with  which  it  may  be  in  contact.  Thus,  if  the  temper- 
atiire  is  20°,  the  air  is  saturated  with  vapor  when  it  con- 
tains in  every  cubic  metre  17.157  grammes  (see  table  on  page 
571)  ;  if  it  contained  only  12.746  grammes  it  would  be  dry, 
since  then  every  cubic  metre  of  air  could  absorb  4.411  grammes 
more.  But  if  the  temperature  falls  to  15°,  then  by  the  tabic 
12.746  grammes  will  completely  saturate  each  cubic  metre ;  so 
that  a  cubic  metro  of  air  containing  12.746  grammes  of  vapor 
is  saturated  when  tlie  temperature  is  15°,  altliough  dry  when 
it  is  20°. 

The  moisture  of  the  atmosphere  at  any  temperature  depends, 
then,  not  simply  on  the  amount  of  vapor  which  it  contains,  but 
on  the  proportion  which  this  amount  bears  to  tlie  whole  quantity 
which  it  could  possibly  contain  at  the  given  temperature.  The 
fraction  which  is  obtained  by  dividing  the  actual  weight  of  vapor 
in  a  cubic  metre  of  the  atmosphere  by  the  weight  which  it  would 
contain  were  it  completely  saturated  with  aqueous  vapor,  is  called 
the  relative  humidity.  It  follows  from  Mariotte's  law,  that  the 
weights  of  two  masses  of  vapor  occupying  equal  volumes  are  to 
each  other  as  their  tensions,  W:  W'=:  %„  :  i§'o;  hence  the  rela^ 
tive  humidity  may  also  be  obtained  by  dividing  the  tension  of  the 
vapor  actually  contained  in  the  air  by  the  tension  the  vapor  would 
have  if  tlie  atmosphere  were  saturated,  that  is,  by  the  maximum 
tension  for  the  temperature,  as  given  in  Table  X.  In  order  to 
find,  then,  the  relative  humidity  of  I3ie  atmosphere  at  any  given 
time,  we  in  the  iirst  place  observe  its  temperature ;  and  in  tlie 
second  place,  we  ascertain  by  experiment  the  tension  of  the  vapor 
which  it  actiially  contains.  The  tension  is  found  in  the  following 
manner. 

If  we  cool  down  a  cubic  metre  of  the  atmosphere,  we  shall 
come,  sooner  or  later,  to  a  temperattire  at  which  tlie  tension  of 
the  vapor  is  at  its  maximum.  Thus,  for  example,  if  the  temper- 
ature of  the  atmosphere  is  20°,  and  the  tension  of  the  vapor  it 
contajns,  and  which  we  wish  to  find,  is  1.2699  c.  m.,  we  shall,  by 
cooling  one  cubic  metre  to  15°,  reach  a  temperature  at  which 
1.2699  c,  m.  is  the  raasimiim  tension,  and  consequently  a  tem- 
perature at  which  the  air  will  he  saturated  by  tlie  vapor  contained 
in  it.  If  now  we  cool  it  below  this  point,  a  portion  of  the  vapor 
will  be  deposited  in  the  form  of  mist  or  dew.     The  temperature, 
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then,  at  which  dew  woiild  be  deposited,  were  the  atmosphere 
cooled  dowu,  is  the  temperature  at  which  the  tension  of  the  yapor 
contained  in  it  would  be  at  its  maximum.  This  temperature 
is  teehnically  termed  the  dew-point.  It  can  easily  be  observed  in 
the  following  way.  Take  a  brightly  polished  silver  cup  and  fill 
it  with  water.  Place  in  it  a  sensitive  thermometer,  which  will 
indicate  promptly  any  changes  of  temperatui-e,  and  then  add 
ice  in  small  pieces,  waiting  until  one  piece  is  melted  before  add- 
mg  another,  and  constantly  stirring  the  water  with  the  thermom- 
eter in  order  to  render  the  temperature  uniform  throughout 
the  mass.  The  silver  cup,  as  it  is  thus  slowly  cooled,  wilt  cool 
in  its  turn  the  thin  layer  of  air  which  immediately  surrounds  it, 
and  sooner  or  later  this  air  will  he  reduced  to  the  temperature  at 
which  the  vapor  it  contains  completely  saturates  it.  At  that  mo- 
ment the  polished  surface  of  the  cup  will  be  dimmed  by  a  depo- 
sition of  dew.  Note  carefully  the  temperature  at  which  this  iirst 
takes  place ;  and  then  allow  the  cup  to  warm,  and  note  carefully 
the  temperature  at  which  the  dimness  disappears.  The  two  tem- 
peratures should  very  nearly  correspond,  and  the  mean  may  be 
taken  as  the  dew-point.  Having  found  the  dew-point,  we  can  easily 
ascertain  the  relative  humidity  of  the  air  by  means  of  the  table 
of  tensions.  Opposite  to  the  dew-point  we  find  the  actual  tension 
of  the  vapor  in  tlie  atmosphere.  Opposite  to  the  temperature  of 
the  fur  at  the  time  of  tlie  experiment,  we  find  the  maximum 
tension  which  the  vapor  could  attain  ;  and  since,  as  we  have 
seen,  the  weight  of  vapor  is  proportional  to  the  tension,  we  can 
obtain  at  once  tlie  relative  .humidity  by  dividing  the  first  by  tlie 
last.     To  illustrate  this  by  an  example :  — 

The  temperature  of  the  air  is  20°.  The  dew-point,  found  as 
just  described,  is  15°.  What  is  the  relative  humidity?  The 
maximum  tension  of  vapor  at  the  dew-point  is  12.699  m.m.,  and 
tliis  is  the  actual  tension  of  the  vapor  in  the  atmosphere.  The 
masimnm  tension  of  vapor  at  20°  is  17.391  m.  m.,  and  this  is  the 
tension  which  the  vapor  would  have  were  the  atmosphere  satu- 
rated, ^f^  =  .73  is,  then,  the  relative  humidity.  The  at- 
mosphere, therefore,  contains  73  per  cent  of  the  whole  amount 
it  could  possibly  contain  at  20°.  Prom  the  relative  humidity,  it 
is  easy  to  calculate  the  amount  of  vapor  contained  in  a  cubic 
metre.  By  referring  to  the  table,  we  ascertain  the  total  amount 
which  the  cubic  metre  could  contain  at  the  given  temperature  ; 
54* 
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and  by  multiplying  tliis  by  the  fraction  expressing  tlie  relative 
humidity,  wo  ascertain  the  amount  ■which  it  actiially  contains. 
Thus,  in  the  example  just  given,  the  total  amount  of  vapor  ivhieh 
one  cubic  metre  of  air  at  20°  can  contain  is  17.145  grammes. 
It  actually  contains  only  73  per  cent  of  this  amount,  that  is, 
17.146  X  .73  =  12.515  grammes. 

It  appears,  tlien,  that  the  determination  of  the  amount  of  vapor 
in  the  atmosphere  resolves  itself  practically  into  tlie  observation 


of  the  dew-point.  This  can  bo  observed  with  sufficient  accuracy, 
for  most  purposes,  with  a  thin  silver  cup  and  thermometer,  as 
described  above  ;  but  where  greater  accuracy  is  required,  the  ob- 
servations can  be  made  more  rapidly,  as  well  as  with  greater  cer- 
tainty, with  the  hygrometer  of  Regnault,  which  is  represented  in 
Fig.  446.  It  consists  of  two  silver  thimbles  4.5  c.  m.  high  and 
20  m.  m.  in  diameter,  made  very  thin,  and  biightly  polished  on 
the  outside.  These  thimbles  are  cemented  to  the  bottom  of  two 
glass  tubes  D,  E.  Each  of  these  contain  thermometers  gradu- 
ated to  tenths  of  a  degree,  kept  in  place  by  corks.  Through  the 
cork  of  the  tube  D  passes  a  small  tube.  A,  open  at  both  ends 
and  extending  to  the  bottom  of  the  silver  thimble.     The  upper 
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part  oi  i\     t  }    D      n  atcs,  through  the  lateral  tubulature 

and  thro  igl  tl  e  ste  n  of  tl  e  support,  with  an  aspirator,  G,  by 
means  of  wl  cl  a  ca  be  drawn  through  the  apparatus.  The 
tube  S  wl  !  1  es  not  communicate  with  tlie  aspirator,  contains 
a  then  on   ter  fo    ob  e   i  g  the  temperature  of  the  air. 

In  or  1  to  e  th  appa  atus  the  tube  D  is  half  filled  with 
ether ;  the  on  Oj  e  g  tl  e  stopcock  of  the  aspirator,  the  water 
which  t  eontuns  flows  o  t  ind  tlie  air  required  to  supply  its 
pleice  flo  n  at  tl  e  t  1  e  j1  bubbling  up  through  the  ether. 
The  r;  p  1  evapo  ation  ca  se  1  1  y  this  current  of  air  soon  cools 
the  ten  pe  t  e  of  tl  e  ilver  thimble  to  the  dew-point.  At  the 
momei  t  a  hln  of  n  stu  e  appears  on  the  polished  surface,  tlie 
temperatur  d  catel  ly  tl  e  thermometer  T  is  carefully  noted, 
as  well  al  o  as  the  temperature  of  the  air  given  by  the  thermom- 
eter f,  a  d  TiPO  1 1  e  tl  t!  e  elements  for  calculating  the  rela- 
tive hi  1  ty  of  the  atmospl  ere.  By  careful  manipulation,  the 
dew-po  nt  ca  1  e  ol  e  e  I  w  th  this  instrument  to  one  tenth  of 
aCentgrale  Ic^,  ee  Tie  second  sUver  tliimble,  on  the  tube 
.E,  serves  not  o  ly  to  p  ote  t  the  bulb  of  the  thermometer,  but 
also,  by  co  nj  ir  son  enal  les  the  observer  to  detect  a  slight  tiace 
of  moi  t  re  on  t!  e  s  rfic  of  the  first,  which  might  otherwi&e  be 
overlooked. 

The  hygrometer  of  Daniells,  repre- 
sented in  Fig.  447,  is  based  on  the 
same  principle  as  that  of  Hegnault, 
but  is  much  less  delicate  in  its  indica- 
tion. It  consists  of  two  bulbs  con- 
nected by  a  siphon-tube,  from  which 
the  air  has  been  expelled  by  hermeti- 
cally seeding  the  instrument  when 
filled  with  ether  vapor.  The  bulb 
A  is  about  half  filled  with  etlier, 
and  contains  the  bulb  of  a  small 
tliermometer.  Moreover,  a  zone  of 
the  bulb  is  gilt,  and  burnished  so  that 
the  deposition  of  the  dew  upon  it  may 
be  easily  perceived.     The  other  bulb  ^km 

is  covered  with  muslin.     When  an  ob- 
servation is  to  be  made,  the  muslin  is  moistened  with  ether,  which 
is  dropped  very  slowly  from  a  bottle.     The  enpoiation  of  the 
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ether  from  the  muslin,  by  cooling  the  bulb  B  and  condensing  tlie 
vapor  of  etlier  which  it  contains,  causes  a  very  rapid  evaporation 
from  the  surface  of  the  liquid  in  the  bulb  A.  By  tliis  means  the 
gilt  zone  is  soon  cooled  to  the  dew-point,  a  deposition  of  dew  indi- 
cating when  the  point  is  reached.  The  temperature  at  which  the 
dew  is  first  deposited  is  carefully  observed  by  means  of  the  en- 
closed thermometer,  and  also  the  temperat^ire  at  which  it  disap- 
pears when  the  temperature  of  the  bulb  A  is  afterwards  allowed 
to  rise.  The  two  observations  should  not  differ  much  from  each 
other,  and  their  mean  is  the  dew-point. 

The  relative  hiimidity  of  the  air  may  also  be  estimated,  though 
with  less  accuracy,  from  the  rapidity  with  which  water  evaporates 
when  exposed  to  it ;  since,  as  is  evident,  the  drier  the  air,  the 
more  rapid  will  be  tlie  evaporation.  The  instrument  used  for 
this  purpose  is  called  a  psychrometer,  or  a  wet-bulb  hygrometer. 
It  consists  of  two  tliermometers,  the  bidb  of  one  of  which  is  cov- 
ered with  muslin  and  kept  constantly  moist,  while  tlie  bulb  of  tlie 
other  is  dry.  The  last  indicates  the  temperature  of  the  air ;  but 
the  first  always  indicates  a  lower  temperature,  owing  to  the  latent 
heat  absorbed  by  tlie  evaporation  of  the  water  from  the  surface  of 
the  bulb,  except  when  the  air  is  fully  saturated  witli  moisture. 
The  difference  between  tlie  two  tliermometers  will  be  the  greater 
t]ie  more  rapid  the  evaporation,  tliat  is,  the  greater  tlie  dryness 
of  the  air.  From  the  temperatures  of  the  two  thermometers  we 
can  calculate  the  tension  of  the  vapor  in  the  atmosphere  by  means 
of  the  empirical  formula, 

in  which 

i^  =:  maxinmm  tension  of  vapor  at  lowest  temperature. 
T    ^  temperature  of  dry-bulb  thermometer, 
i'  :=  temperature  of  wet-bulb  thermometer, 
/fo  =  height  of  barometer. 
610  —  i'  =:  latent  heat  of  tbe  vapor  of  water  (compare  300). 
X    =  tension  of  aqueous  vapor  at  the  time  of  observation. 

Prom  the  value  of  x  the  relative  humidity  can  be  easily  calculated 
by  dividing  by  the  maximum  tension,  as  before  described. 

The  above  are  the  formulro  of  Regnault  as  modified  from  the 
original  formula  of  August.     They  are  iu  a  measure  empirical, 
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and  foiindcii  on  theoretical  considerations,  for  whicli  we  must 
refer  to  the  original  memoir.  The  last  formula,  as  Regnault 
found,  gives  accurate  results  when  the  air  is  not  more  than  four 
tenths  saturated.  Otherwise,  the  first  shoxild  be  used.  For  tem- 
peratures below  freezing,  which  suppose  the  wet  bulb  to  be  cov- 
ered with  a  film  of  ice,  tlie  value  610  —t'  mxxst  be  changed  to 
610  -f  79  —  T'  =  689  —  t',  since  the  amount  of  heat  required  to 
change  ice  into  vapor  is  greater  by  79  units  (the  heat  of  fusion) 
than  tliat  which  would  be  required  to  change  water  into  vapor 
of  the  same  temperature  and  tension.  For  the  value  of  Ho?  it  is 
generally  suificicnt  to  take  the  mean  barometric  pressure  of  the 
place  of  observation.  In  the  Meteorological  Tables  prepared  by 
Professor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 
tution, will  be  found  tables  by  which,  from  the  indications  of  the 
psychrometer,  the  tension  of  vapor  and  relative  humidity  may  be 
ascertained  by  inspection.  As  the  indications  of  the  psychrometer 
are  discovered  by  simple  inspection,  it  would  entirely  supersede 
all  other  liygrometers  were  the  formula  by  which  the  tension  of 
vapor  is  deduced  from  the  observed  data  perfectly  trustworthy. 
They  are  sufiidently  so  for  the  purposes  of  meteorology,  hut 
results  obtained  with  Eegnault's  hygrometer  a"  -  "-  ""  *" 

he  preferred. 

Still  a  third   class  of  hygrometera  is  based 

upon  the  fact  that  many  solids  swell  on  imbibing 

moisture,  and  contract  again  on  drying.     This  is 

the  case  with  most  dry  organic  substances,  such 

as  whalebone,  wood,  parchment,  and  hair.    The 

hygrometer  of  Deluc  consists  of  a  very  tliin  piece 

of  whalebone,  which,  in  expandmg  and  contract- 
ing, moves  an  index ;  and  a  variety  of  toys,  in 

which  a  change  in  the  degree  of  humidity  of  the 

air  is  shown  by  the  motion  of  a  pasteboard  figure, 

arc  made  on  tlie  same  principle.     But  the  only 

trustworthy  or  even  approximatively  accurate 

hygrometer  of  this  class  is  the  hair  hygrometer  of 

Saussure,  as  modified  by  Regnault.     It  is  rep- 
resented in  Fig.  448,  and  consists  essentially  of  a 

human  hair,  c,  previously  freed  from  fat  by  being 

soared  in  ether,  and  so  fixed  in  a  copper  frame  that  its  expansion 

and  contraction  will  move  a  needle  over  a  graduated  arc.     Each 


;  in  all  cases  to 
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hiBtriiment  is  graduated  experimentally  liy  placing  it  in  a  con- 
fiaed  space  kept  iu  a  known  state  of  bnmidity  by  tlie  preacnco 
of  sulpburie  acid  of  different  degrees  of  strength.  Unlike  the 
other  hygrometers,  tliis  instrument  gives  at  once  the  relative 
humidity  of  the  air,  and  its  indications  are  independent  of  the 
temperature.  Unfortunately,  however,  it  is  hable  to  variations, 
and  must  be  adjusted  from  time  to  time  by  means  of  the  solu- 
tions employed  in  graduating  it. 

The  last,  hut  the  most  accurate,  method  of  determining  the 
amount  of  vapor  in  the  air,  consists  ui  drawing  through  a  tube 
containmg  cldoride  of  calcium,  or  some  other  powerful  absorb- 
ent, a  measured  volume  of  air,  by  means  of  an  aspirator.  The 
increased  weight  of  tlie  tube  will  give  at  once  the  weight  of  vapor 
contained  in  the  known  volume  of  air.  This  process  is  much 
too  complicated,  however,  to  admit  of  general  application ;  but 
it  may  be  used  to  advantage  where  gi-eat  accuracy  is  required,  or 
hi  verifying  the  results  of  the  other  more  expeditious  methods.* 
(314.)  Drying  Apparcdus.  —  It  is  frequently  necessary  in  the 
pi-actice  of  chemistry  to  remove  from  a  solid  body  the  moisture 
adhering  to  its  surface,  or  otlierwise  mechanically  united  with  it. 
This  is,  generally,  readily  accomplished  by  exposing  the  solid  to 
diy  air,  into  which  the  moisture  evaporates.  If  the  solid  will 
bear  the  temperature  of  100°  without  undergoing  change,  we  can 
use  the  drying  oven  already  described  (294)  ; 
but  if  not,  we  effect  the  same  object  at  the 
oidiniiy  temperature  by  placing  the  solid  un- 
dei  a  bell  glass,  ovei  a  dish  containing  concen- 
trated sulphmic  atid.  In  this  case  the  rapid- 
itj  of  the  evaporation  is  greatly  accelerated 
1  y  exhiuiting  the  air.  The  arrangement  rep- 
le-ii-nted  in  Fig  449  may  be  iised  for  this 
purpose,  and  also  for  concentrating  solutions 
of  chemical  ctmpounds  which  wotild  bo  altered 
Tig.m.  ^y  ^  liigli  temperature.     In  drying  goods  on 

a  large  scale  in  the  arts,  it  is  important 
to  keep  in  mind  two  facts  :  first,  that  the  capacity  of  air  for 
holding  moisture  increases  very  rapidly  with  the  temperature; 
and,  secondly,  that  a  very  considerable  time  must  elapse  before 

*  For  a  full  account  of  the  methoda  of  hygromatry  ns  revised  by  Kegnault,  see  his 
"  fttudcs  sue  I'lljgLometric,"  Annales  do  Cliiinie  ct  He  Physique,  3'  Secie,  Tom.  XV. 
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the  air  is  saturated,  —  the  longer,  tlie  lower  the  temperature. 
An  advantage  is  therefore  gaijied  by  keeping  the  aii-  in  the  drying 
chamber  at  as  high  a  temperature  as  is  compatible  with  the  cir- 
cumstances, and  preventing  it  from  escaping  until  it  is  absolutely 
saturated  with  buraidity.  In  no  case,  however,  can  water  be 
evaporated  by  heated  air  in  a  drying  stove  as  economically  as 
in  a  close  boiler. 


OKIGIN    OP    HEAT. 

(315.)  Sources  of  Hefli.  — The  sun's  rays  are  tlie  great  source 
of  heat  on  the  surface  of  the  globe.  The  amount  of  beat  which 
thus  entei-s  the  earth's  atmosphere  from  the  sun  during  a  year 
has  been  estimated  by  Pouillet  to  be  equal  on  an  average  to 
231,675  units  for  every  square  centimetre  of  the  earth's  surface. 
In  order  to  give  an  idea  of  this  quantity,  Pouillet  states  that  it 
would  be  sufficient  to  melt  a  layer  of  ice  enveloping  the  earth 
30.89  metres  thick.  Of  this  amount,  however,  the  surface  of  the 
earth  only  receives  about  two  thirds,  tlie  rest  being  absorbed  by 
the  atmosphere.  Besides  tlie  heat  which  it  is  constantly  receiv- 
ing from  the  sun,  the  earth  has  also  a  great  store  of  heat  within 
its  own  mass,  called  the  central  heat.  It  has  already  been  stated, 
that  the  spheroidal  figure  of  the  earth  is  probably  owing  to  tlie 
fact,  that  the  globe  was  once  a  fluid  mass  ;  and  we  liave  reason 
to  believe  that  it  is  so  now,  with  tlie  exception  of  a  comparatively 
thin  crust  on  the  surface.  From  observations  made  in  mines 
and  Artesian  wells,  we  find  that  the  temperature  of  tbe  crust 
rapidly  increases  as  we  descend  from  the  surface  of  tlie  earth. 
The  rate  of  increase  varies  in  different  places,  but  may  be  stated, 
on  an  average,  to  be  about  one  degree  for  every  30  or  40  metres. 
At  this  rate  of  increase,  assumed  to  be  the  same  at  all  deptlis, 
the  temperature  of  tbe  crust  at  tbe  depth  of  about  2,700  metres 
must  be  that  of  boiling  water,  and  at  a  depth  of  35  kilometres 
that  of  melting  iron,  while  at  70  kilometres  all  known  mineral 
substances  would  be  m  complete  fusion.  It  is  probable,  there- 
fore, that  the  thickness  of  the  crust  of  the  earth  is  not  greater 
than  -li^  of  its  radius,  and  might  be  represented  by  a  sheet  of 
pasteboard  on  a  large  artificial  globe.  Nevertheless,  tlie  conduct- 
ing power  of  tbe  criist  is  so  slight,  that  tbe  effect  of  tlie  central 
beat  is  liardly  felt  on  the  surface  ;  and  Fourier  has  calculated 
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that  it  does  not  elevate  the  mean  temperature  of  the  surface 
more  than  ^  of  a  degree. 

Besides  these  constant  sources  of  heat,  there  arc  many  others 
which  are  more  or  less  accidental  aiid  intermittent.  In  general, 
any  motion  of  the  molecules  of  a  hody,  whether  it  accompanies 
a  chemical  or  a  physical  change,  is  attended  eitlier  by  an  evolu- 
tion or  by  an  absorption  of  heat ;  but  in  almost  every  case  the 
heat  tlms  evolved  may  be  traced  back,  either  directly  or  indi- 
rectly, to  the  sitn.  The  accidental  sources  of  heat  may  be  di- 
vided into  two  classes,  the  physical  and  the  chemical. 

(316.)  Physical  Sources.  — Qi  the  physical  soxirces  of  heat, 
the  most  important  is  friction.  Count  Rumford  succeeded  in 
boiling  water  by  the  friction  from  boring  a  cannon,  and  an  appa- 
ratus has  been  invented  in  France  for  generating  steam  by  means 
of  heat  produced  in  a  simUar  way.  It  has  already  been  shown 
(238)  that  there  is  an  exact  equivalence  between  the  heat  gener- 
ated by  friction  and  the  mechanical  power  used  in  producing 
it ;  and  it  is  possible  that,  where  motive  power  is  abundant  and 
fuel  expensive,  such  a  machine  might  be  used  to  advantage. 

Another  physical  source  of  heat  is  percussion,  as  is  illustrated 
by  the  common  flint-lock,  and  by  a  number  of  familiar  facts. 
For  example,  a  small  bar  of  iron  may  be  heated  to  redness  on  an 
anvil  by  blows  of  the  hammer  actively  applied,  and  a  bar  of  lead 
may  even  be  melted  in  this  way.  In  like  manner  all  metals, 
when  rolled  out  into  plates,  drawn  into  wire,  or  submitted  to  any 
other  mechanical  process  by  which  the  relative  position  of  their 
molecules  is  changed,  become  more  or  less  heated.  The  heat 
evolved  in  all  these  cases  appears  to  be  due  to  an  internal  friction 
between  tlie  particles  of  the  solid,  so  that  this  source  of  heat  does 
not  differ  essentially  from  the  last. 

A  third  source  of  heat  is  mechanical  condensation.  If  we 
diminish  the  volume  of  a  body  by  mechanical  means,  its  tempera- 
ture is  at  once  raised,  and  an  amoimt  of  heat  is  evolved  which  is 
probably  in  all  cases  equal  to  that  which  would  be  required  to  ex- 
pand the  body  by  an  equivalent  amount  (compare  237).  Since 
both  solids  and  liquids  are  but  slightly  compressible,  we  cannot 
produce  with  tliem  any  very  marked  calorific  effects  by  condensa- 
tion. It  is  different  with  gases.  They  are  very  compressible,  and 
their  temperature  can  be  greatly  raised  by  sudden  condensation. 
This  is  illustrated  by  the  fire-syTin<^e  (Fig.  450) .     It  consists  of  a 
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cylinder  of  glass,  and  of  a  piston,  which  closes  it  hermetically 
and  by  -whicli  the  air  it  contains  may  be  condensed.  On  pushing 
in  the  piston  with  a  quick  and  forcible 
motion,  the  heat  evolved  by  tlie  condensa^ 
tion  of  the  air  raises  the  tempei'ature  suffi- 
ciently to  inflame  a  piece  of  tinder,  -which 
is  placed  in  a  cavity  provided  for  the  pur- 
pose on  the  under  side  of  the  piston.  This 
requires  a  temperature  of  at  least  300°. 
A  bright  light  is  noticed  in  the  cylinder 
at  the  moment  of  the  maximum  condensa- 
tion, caused  by  the  burning  of  a  portion 
of  the  oil  with  which  the  piston  is  lubri- 
cated. 

The  only  other  mechanical  sources  of 
heat  usually  enumerated  in  this  connec- 
tion are  the  &b  orption  of  gases  oi  li  jui  1 
by  porous  solids  the  Uiangi,  cf  the  stat 
of  aggie^ition  of  a  ul  tance  and  cle 
tncity  The  fiist  of  the&e  is  pioUlly 
identical  "with  tRe  one  bst  uonsidtrel 
the  heat  in  every  ci  e   ougmatin^  fiom  j    4 

condensation  tiused  by  the  adhesion  cf 

the  liquid  01  gas  to  the  suiface  of  the  bolid  the  second  has 
ilieady  ('7i  and  29<^)  been  tudied  at  length  and  the  list  will 
be  considered  m  anothei  \  oition  of  th  woik 

(31(  )  Chemical  Sources  — All  themit-il  combination  is  at- 
tended with  the  evolution  of  heat ,  indeed,  tins  is  tlie  chief  souice 
of  artificial  heat  on  tlie  surface  of  the  globe.  Wlieii  the  combina- 
tion takes  place  slowly,  as  when  iron  rusts  in  the  air,  the  heat  is 
dissipated  as  fast  aa  it  is  evolved,  and  does  not  elevate  sensibly 
the  temperature  of  the  combining  substances ;  but  when  the 
combination  is  rapid,  the  heat  accumulates  in  the  bodies  and  pro- 
duces the  phenomena  of  combustion.  Combustion  is,  therefore, 
simply  a  process  of  chemical  combination,  in  which  heat  is  evolved 
so  much  more  rapidly  than  it  is  conveyed  away  through  the  usual 
channels,  that  the  temperature  of  tlie  substances  is  retained  above 
the  point  of  ignition.  All  combustion  with  which  we  are  generally 
familiar  consists  in  the  chemical  combination  of  the  buriiiug  sub- 
stance with  the  oxygen  of  the  air  ;  but  we  may  have  phenomena 
55 
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of  Intense  ignition  without  oxygen,  as  when  antimony  is  dropped 
in  powder  into  a  jar  of  chlorine,  or  when  phosphorus  is  mixed 
with  iodine.  The  quantity  of  heat  evolved  during  chemical  com- 
hination  varies  very  greatly  with  the  nature  of  the  substances 
employed ;  hut  it  is  always  constant  for  the  same  substances,  and 
is  exactly  proportional  to  the  weight  of  each  which  is  used  in 
forming  the  compound.  Thus,  for  example,  from  one  kilogramme 
of  tlie  following  substances  there  is  always  evolved  the  amount  of 
heat  indicated  in  the  following  table  wlien  tliey  combine  witli 
oxygen,  or,  in  other  words,  when  they  burn. 


Units  of  Ue^t. 

ITnLtaorifeBl 

Hydrogen,       . 

.     34,4(i2 

Oil  of  I'urpi.'utino, 

.  10,662 

Marsh  Gas, 

13,063 

EtLer,          .         . 

9,027 

Olefiant  Gas,  . 

.     11,858 

Alcohol, 

.     7,184 

Beeswax,     . 

10,496 

Wood  Cliarooal,  . 

8,080 

Spermaceti,      , 

.     10,342 

Gas  Coke,       . 

.     8,047 

Stearic  Acid,    . 

9,716 

Native  Sulphur,  . 

2,261 

It  has,  moreover,  been  proved  that  tlie  amount  of  heat  evolved 
durmg  chemical  combination  is  precisely  the  same  whether  the 
union  be  rapid  or  slow,  and  also  whetlier  the  compound  be  formed 
at  once  by  direct  combination  or  by  several  successive  processes. 
But  all  these  subjects  can  be  discussed  to  much  greater  advan- 
tage after  the  student  is  familiar  with  the  laws  of  chemical  com- 
bination ;  we  shall,  therefore,  defer  the  further  consideration  of 
them  until  then.  The  same  is  true,  also,  of  the  heat  evolved 
by  the  processes  of  animal  life  ;  for  this  is  probably  due  to  a  slow 
combustion  which  takes  place  hi  the  animal  body  under  tlie  influ- 
ence of  vitality. 


PBOPAfiATIOS    OP    EBAT. 

(318.)  Heat  may  be  transmitted  from  one  body  to  anotlier 
through  space,  as  it  is  transmitted  from  the  sun  to  the  earth,  or 
it  may  be  communicated  from  particle  to  particle  by  direct  con- 
tact, as  when  a  bar  of  iron  is  heated  by  placing  one  end  in  contact 
witli  ignited  coals.  The  first  of  these  methods  is  called  radiation, 
the  second  conduction.  It  is  probable,  however,  that  conduction 
is  only  a  form  of  radiation,  the  heat  being,  in  all  cases,  radiated 
from  particle  to  particle  through  the  intervening  spaces,  which 
may  be  exceedingly  large  as  compared  with  the  size  of  the  par- 
ticles themselves  (75). 
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(319.)  Radiation,  ~yfhSinv/o  stand  in  tlie  bright  sunshine 
or  before  a  blazijig  fire,  and  feol  tlie  eifeet  of  "the  rays  of  heat 
impinging  on  our  bodies,  we  are  led  to  perceive  that  heat  is  emit- 
ted from  tlie  surfaces  of  hot  bodies,  and  that  it  has  the  power  of 
traversing  space  and  transparent  media  lilio  tlie  atmosphere. 
But  it  is  also  probable  that  rays  of  heat  are  emitted  from  the 
surfaces  of  all  bodies  and  at  all  temperatures,  however  low, 
the  only  difference  between  hot  and  cold  bodies  being  that  tho 
first  radiate  more  heat  than  the  last.  In  a  room  where  there  is  a 
condition  of  thermal  equilibrium,  each  object  receives  as  much 
heat  as  it  radiates,  and  therefore  retains  its  own  temperature.  If 
one  object,  however,  becomes  warmer  than  the  rest,  —  the  stove, 
for  example, — then  it  radiates  more  heat  than  it  receives,  until  the 
equilibrium  is  again  established.  This  theory  explains  tlio  appar- 
ent radiation  of  cold,  which  we  feel  when  standing  before  a  large 
mass  of  ice.  It  is  not  that  the  ice  radiates  cold,  since  it  actually 
radiates  heat ;  but  as  the  body  receives  from  the  ice  less  heat 
than  it  radiates  towards  it,  we  feel  a  sensation  of  cold. 

The  phenomena  of  radiant  heat  are  in  all  respects  similar  to 
those  of  light,  and,  as  is  well  known,  the  rays  of  both  agents  are 
found  mixed  together  in  the  sunbeam  and  in  the  emanations  irom 
most  luminous  objects.  Like  light,  radiant  beat  is  transmitted 
with  an  incredible  velocity  in  straight  lines,  and  its  intensity 
diminishes  as  the  square  of  the  distance  from  the  source.  If  the 
rays  of  heat  fall  on  a  polished  surface  they  are  reflected,  and  the 
angle  of  reflection  is  always  equal  to  the  angle  of  incidence.  If 
they  enter  a  transparent  medium  they  are  refracted,  and  for  flie 
same  substance  the  sine  of  the  angle  of  refraction  always  bears  a 
constant  ratio  to  the  sine  of  tlie  angle  of  incidence.  If  they  are 
passed  through  a  prism  of  rock  salt,  they  are  divided  into  rays  of 
different  refrangibility,  which  stand  to  each  other  in  the  same  rela- 
tion as  the  different  colors  of  the  solar  spectrum ;  and,  lastly,  when 
reflected  or  refracted  at  a  certain  angle  by  different  substances, 
tlie  heat  rays  become  polarized  and  present  properties  similar  to 
those  of  polarized  light.  But  yet,  altliough  the  thermal  rays  thus 
closely  resemble  the  rays  of  light,  there  are  essential  differences 
between  the  two.  It  does  not  follow,  because  a  medium  transmits 
light  unchanged,  that  it  will  transmit  heat  with  equal  readiness  ; 
thus,  for  example,  a  crystal  of  alum,  even  if  perfectly  transpar- 
ent to  light,  is  almost  opaque  to  heat ;  and,  on  the  other  hand, 
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a  crystal  of  smoky  quartz,  which  will  hardly  transmit  a  ray  of 
light,  is  quite  transparent  to  heat.  Most  sohd  and  Liquid  media 
which  are  transparent  and  colorless  as  regards  light,  act  on  the 
rays  of  heat  in  the  same  way  that  colored  glasses  act  on  light ; 
transmitting  rays  of  certain  degrees  of  refrangibility,  but  not 
others.  Thus,  for  example,  a  pane  of  colorless  glass  will  trans- 
mit nearly  all  tlie  rays  of  heat  from  the  sun,  while  it  will  inter- 
cept the  greater  part  of  those  from  a  coal  fire,  and  absolutely  all 
the  rays  which  radiate  from  a  steam-pipe  heated  to  100° ;  and  the 
same  is  true  to  a  still  greater  degree  of  water.  The  only  sub- 
stance which  is  perfectly  transparent  to  rays  of  heat  from  every 
source  is  rock-salt,  and  this  can  be  used  in  experiments  on  heat 
In  the  same  way  that  glass  is  used  in  optical  exiieriments.  The 
phenomena  of  radiant  heat  are  best  explained  by  the  undulatory 
theory,  which  assximes  that  they  are  caused  by  imdulations  in  an 
imponderable  medium  filling  all  space  ;  and  they  cannot  be  prof- 
itably studied  until  the  student  is  acquainted  with  the  mechanical 
theory  of  light.  We  shall,  therefore,  notice  in  this  connection 
only  a  few  familiar  facts  connected  with  tlie  subject. 

The  unequal  power  which  different  bodies  possess  of  radiating 
heat  appears  to  depend  on  the  condition  of  tlie  surface,  and  not 
on  the  nature  of  the  substance  of  which  the  body  consists.  As  a 
general  rule,  the  greater  the  density  of  the  substance  at  the  sur- 
face, the  less  is  the  radiating  power  of  the  body.  Thus,  the  bui^ 
nished  surfaces  of  the  metals  are  the  poorest  radiators,  while  the 
surfaces  of  paper  and  similar  loose  materials  are  the  best.  The 
very  best  radiator  of  all  is  a  surface  covered  with  lampblack.  If 
we  represent  the  radiating  power  of  such  a  surface  by  100,  that 
of  a  silver  surface,  hammered  and  well  burnished,  will  bo  only  3. 
Those  surfaces  which  radiate  heat  the  best  also  absorb  it  the  most 
readily,  and  it  has  been  proved  that  the  absorbing  power  of  a  sur- 
face is  equal  to  the  radiating  power,  if  the  difference  between  the 
temperature  of  the  radiating  and  absorbing  surfaces  is  not  great. 
On  the  other  hand,  the  power  which  a  surface  possesses  of  reflects 
ing  heat  is  always  in  the  inverse  ratio  of  its  power  of  absorption ; 
that  is,  the  best  absorbents  are  the  poorest  reflectors,  and  tlie 
reverse.  Hence  heat  is  best  reflected  by  surfaces  of  motals  which 
have  been  hammered  and  polished ;  but  so  entirely  does  the 
power  of  reflecting  or  absorbing  heat  reside  in  the  surface,  tliat 
a  sheet  of  gilt  paper  answers  the  purpose  of  a  reflector  nearly  as 
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well  as  a  mass  of  solid  gold.  The  po^v■er  which  a  siirface  has  of 
absorbing  heat  varies  with  the  nature  of  the  source  from  which  it 
emanates,  while  its  radiating  power  remains  constant ;  the  two  are 
equal  only  under  the  condition  above  stated.  Hence  it  is  not  sm- 
giilar  that,  while  the  radiating  power  of  any  surface  is  unaffected 
by  its  color,  the  readiness  with  which  bodies  absorb  the  heat  of 
the  sun  depends,  in  great  measure  at  least,  if  not  entirely,  upon  it. 
This  last  fact  was  noticed  by  Dr.  Franklin.  He  placed  pieces  of 
the  same  kind  of  cloth,  but  of  different  colors,  on  the  snow,  where 
they  were  equally  exposed  to  tlie  direct  rays  of  the  sun.  The 
black  cloth  absorbed  the  most  heat  and  sunk  deepest  into  tlie 
snow,  while  the  white  cloth  produced  but  little  effect.  The  other 
colored  cloths  produced  intermediate  effects ;  and  they  may  be 
arranged  according  to  their  absorbing  powers  as  follows  :  black, 
violet,  indigo,  blue,  green,  red,  yellow,  white. 

Numerous  illustrations  of  the  above  principles  may  be  found  ui 
the  famihar  facts  of  every-day  life.  Water  can  be  heated  most 
i-apidly  in  a  dull  iron  kettle,  whose  bottom  is  covered  with  soot, 
while  it  can  be  kept  hot  longest  m  a  bright  silver  teapot.  The 
hot  air  from  a  furnace  is  best  conveyed  tfl  the  different  apartments 
of  a  building  in  tinned  iron  pipes,  which  are  poor  radiators, 
while  the  smoke-pipe  of  a  stove  is  best  made  of  rough  sheet-iron, 
for  the  opposite  reason.  The  melting  of  a  bank  of  snow  is  accel- 
erated by  sprinkling  over  its  surface  coal-dust,  because  its  very 
feeble  power  of  absorption  is  in  that  way  greatly  increased. 
Light-coloi-ed  garments  are  preferable  in  summer,  because  they 
do  not  readily  absorb  the  solar  rays  ;  in  winter,  when  the  object 
is  to  retain  the  heat  in  the  body  and  prevent  radiation,  the  color 
is  unimportant. 

The  phenomenon  of  dew,  first  correctly  explained  by  Dr.  Wells, 
is  another  beautifiil  illustration  of  the  prmciples  of  radiation. 
The  earth  is  constantly  radiating  heat  into  space.  Diiring  the 
daytime  this  loss  is  compensated  by  the  constant  supply  of  heat 
from  the  sun ;  but  as  soon  as  the  sun  sets,  the  supply  ceases, 
while  the  radiation  still  continues.  Consequently,  the  tempera- 
ture of  all  objects  on  the  surface  exposed  to  tlie  clear  sky  is  rap- 
idly reduced ;  if  then-  temperature  falls  below  the  dew-point  (313) 
of  the  atmosphere,  dew  is  deposited  upon  them  as  on  a  glass  of 
iced  water,  or,  if  the  temperature  falls  below  the  freezing-point,  the 
dew  takes  the  form  of  hoar-frost.  On  cloudy  nights,  little  or  no 
56* 
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dow  is  deposited,  because  the  clouds  reflect  back  the  rays  of  heat 
to  the  earth.  The  same  effect  is  produced  by  the  glass  sashes  or 
straw  mattings  which  are  used  by  gai'deners  to  protect  young 
plants  from  the  late  frosts  of  spring.  The  direct  rays  of  the  sun 
readily  pass  tlu'ough  the  glass  during  the  daytime,  but  the  glass 
reflects  back  the  heat  of  less  intensity  which  is  radiated  from  the 
earth  during  the  night.  On  windy  nights,  also,  little  or  no  dew 
is  deposited,  because  the  layer  of  air  in  contact  with  the  radiating 
crust  of  the  eartli  is  so  frequently  renewed  that  its  temperature 
does  not  fall  to  the  dew-point ;  and  for  the  same  reason  dew  is 
more  copiously  deposited  in  a  valley  or  a  sequestered  dell  than  on 
the  top  of  a  hill ;  and  it  is  in  such  places,  also,  that  tlie  early 
frosts  of  autumn  ai'e  first  felt.  As  we  should  naturally  expect, 
we  find  that  in  any  given  place  the  dew  is  deposited  most 
copiously  on  the  best  radiators,  which  are,  at  the  same  time, 
the  poorest  conductors ;  thus,  while  dew  is  deposited  in  abun- 
dance on  the  shrubs  and  the  grass,  which  derive  most  benefit 
from  the  moisture,  it  is  not  wasted  on  the  dry  path  and  road, 
whose  hard,  beaten  surfaces  render  them  poorer  radiators,  while 
at  the  same  time  their  higher  conducting  power  enables  them  to 
witlidraw  heat  from  the  strata  below,  and  thus  in  part  make  good 
the  loss  which  the  radiation  may  have  caused. 

"  In  India,  near  the  town  of  Hooghly,  about  forty  miles  from 
Calcutta,  the  principle  of  radiation  is  applied  to  the  artilicial 
production  of  ice.  Flat,  shallow  excavations,  from  one  to  two 
feet  deep,  are  loosely  lined  with  rice  straw  or  some  similar  bad 
conductor  of  heat,  and  upon  the  sxirface  of  this  layer  are  placed 
shallow  pans  of  porous  earthen-ware,  filled  with  water  to  the 
depth  of  one  or  two  inches.  Radiation  rapidly  reduces  the  tem- 
perature below  the  freezing-point,  and  thm  crusts  of  ice  form, 
which  are  removed  as  they  are  proditced,  and  stowed  away  in 
suitable  ice-houses  until  night,  when  the  ice  is  conveyed  in  boate 
to  Calcutta.  Winter  is  the  ice-making  season,  viz.  from  the  end 
of  November  to  the  middle  of  February."  * 

(320.)  Conduction.  —  That  dense  and  compact  solids  like  the 
metals  are  good  conductors  of  heat,  while  light  and  porous  solids 
like  wood  and  the  various  textile  fabrics  are  poor  conductors, 
is  a  matter  of  common  experience.      The  genera!  fact  may  be 

*  Miller's  Elements  of  Chemistry,  I'art  I.  p.  201. 


db,  Google 


655 


illustrated  by  means  of  the  apparatus 
of  IngeiihoTisz,  represented  in  Fig.  451. 
The  different  rods  attached  to  the  front 
of  tlie  hrass  box,  made  of  various  ma- 
terials, are  covered  witli  a  thin  layer  of 
wax ;  and  on  turning  boiling  water  into 
the  box,  the  was  melts  on  the  rods,  after 
a  certain  time,  to  unequal  distances, 
depending  on  their  relative  conducting  power. 

If  we  heat  ono  end  of  a  metallic  rod  with  a  lamp,  as  repre- 
sented in  Fig.  452,  the  temperature  of  tlie  different  parts  of  the 
rod  will  gradually  mcieasp,  imtil  a  pomt  is  reacht-d  at  which  the 
heat  Ic^t  by  iidiation  is  equil  to  tlie  heit  icceived  fiom  the  flame 
b}  conduction  tliruUoh  the  bir      It  now  wu  tct  tlio  temperature 


of  the  different  parts  of  the  bai  by  meins  of  thermometer?  placed 
at  equal  intervals,  say  of  one  decimctK  each  it  mil  bo  found  that 
it  very  rapidly  decreases  as  we  go  fiom  the  aouioe  of  heat ,  and 
if  the  distances  frbm  the  souice  of  heat  incrinse  m  -m  arith- 
metical progression,  the  excess  of  the  temptiituits  of  the  suc- 
cessive sections  of  tlie  bar  abo\e  the  temperatuip  ot  the  tn  will 
be  found  to  diminish  in  a  geometncil  piogression  Moieover,  it 
is  evident  that  the  rate  of  detroise  will  be  more  lipid  in  propor- 
ffon  as  the  conducting  power  of  the  bar  is  more  feeble ;  and  we 
can  determine  the  relative  conducting  powers  of  two  bars  by 
measuring  the  distances  from  the  source  of  heat  of  the  sections 
which  have  the  same  temperature,  for  it  can  easily  be  proved 
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that  the  conducting  powers  are  to  each  other  as  the  squares  of 
these  distances.  Experimenting  in  this  way,  and  using  a  delicate 
thermo-electric  pile  for  measuring  the  temperatures  of  the  dif- 
ferent sections  of  the  bars,  Messrs.  Wiedmann  and  Franz  de- 
termined tlio  relative  conducting  powers  of  I'arlous  metals,  as 
follows ;  — 


Silver,     .         .         .         .100 
Copper,        .         .         .  73.6 

Gold,      ....       63.2 
Tin,    ....  M.5 


Steel,        ....     ll.C! 
Lead,    ....  8.5 

Platinum,  .         .         .8.4 

Eose's  Metal,  .         .  2.8 

JSismulli,  .         .         .         .1.8 


Iroi 

The  conducting  power  of  stones,  brick,  and  other  earthy- 
materials,  is  very  much  less  than  that  of  the  metals,  and  the 
conducting  power  of  wood  and  other  organic  tissues  is  so  very 
feeble  that  they  are  usually  regarded  as  non-conductors.  It  may 
be  assumed  as  a  nile,  although  it  has  many  exceptions,  that  the 
denser  a  body  the  better  it  conducts  heat. 

Ilomogencoiis  solids  and  crystals  belonging  to  the  regiiiar  sys- 
tem conduct  heat  equally  in  all  directions ;  but  in  crystals  not 
belonging  to  the  regular  system,  the  conduct- 

#ing  power  varies  in  the  direction  of  unequal 
axes.  This  fact  is  easily  shown  by  a  simple 
^  experiment  devised  by  Senarmont.  He  took 
two  slices  of  a  quartz  cr^tal  (Pig.  453),  one 
cut  perpendicular  to  the  vertical  axis,  and  the 
other  parallel  to  it ;  through  the  centre  of  each 
plate  he  drilled  a  small  conical  aperture  for 
the  reception  of  a  silver  wire,  one  end  of  which, 
heated  in  the  flame  of  a  lamp,  served  as  a 
central  source  of  heat.  Previously  to  the 
application  of  the  heat,  he  had  covered  the 
slices  of  the  crystal  with  beeswax.  He  found 
^^^^j  tli^t  on  the  first  the  wax  melted  in  the  form 

A|^^/  of   a    circle    round   the   wire,   showing   that 

^it/  quartz  conducts  Jieat  equally  in  the  direction 

Fig.  463.  of  its   equal   and  lateral  axes  ;   but   on   the 

second  the  wax  melted  in  the  form  of  an  el- 
lipse, whose  longer  diameter  coincided  with  the  vertical  axis  of 
the  crystal,  which  proved  that  the  conducting  power  is  greater 
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in  tins  ilitcolnn  Hnn  in  tliL  one  nt  light  angles  to  it.  Simite 
facts  arp  also  tine  of  orgimzed  stiuctnpos  ;  tlins,  wood  conducts 
heit  mnoh  bettor  m  the  duection  of  its  fibres  tlian  across  them. 

Count  Rumfoid  concluded,  fiom  Ins  experiments,  that  liquids 
were  absolntelj  uon  conductors  ,  but  latur  experiments  have 
shoim  tlial  they  do  conduct  heat,  but  only  Tery  imperfectly.  De- 
spretz*  experimented  on  a  vertical  column  of  water  contained  in 
a  wooden  cylmder  one  metre  high  and  21.8  c.  m.  in  diameter, 
whose  upper  surface  he  exposed  to  a  constant  source  of  heat. 
By  means  of  thermometers  passmg  through  tnbulatnres  on  the 
sides  ot  the  cylinder,  he  observed  tlie  temperatures  of  horizontal 
sections  of  the  liquid  at  equal  distances  from  each  other.  At  the 
end  of  32  hours  the  thermometers  were  etatioiuiry,  and  the  dif- 
ferences between  the  temperatures  indicated  by  the  successive 
thermometers  and  the  temperature  of  Hie  air  were  found  to  form 
a  decreasing  geometrical  series,  as  in  a  solid  bar.  This  experi- 
ment proves  conclusively  that  water  conducts  heat ;  but,  never- 
theless, the  conducting  power  is  so  feeble,  that  water  may  be 
boiled  for  many  minutes  at  the  top  ot  a  test-tube  without  oc- 
casioning the  slightest  inconvenience  to  the  pei-son  who  holds 
the  lower  end.  Gases  are  still  poorer  conductors  of  heat  than 
liquids ;  but  yet  they  are  not  absolutely  non-conductors,  and  they 
differ  veiy  greatly  from  each  other  m  this  respect  Tins  is 
proved  by  the  fact  that  a  hot  body  cools  more  rapidly  in  an  at- 
mosphere of  hydrogen  than  m  air,  and  also  by  a  simdar  fact, 
first  noticed  by  Grove,  that  a  platinum  wire  can  be  made  to  glow 
in  air  with  a  feebler  galvanic  current  than  it  can  in  hydrogen. 
In  order  to  heat  a  mass  of  liquid  or  gas,  we  always  apply  the 
heat  to  the  lowest  portion  of  the  containing  vessel ;  then,  as 
already  explained  (268),  currents  are  established  by  which  the 
particles  are  brought  into  actual  contact  with  the  source  of  heat. 
This  process  is  sometimes  distmguished  as  a  tliird  method  of 
communicating  heat,  and  called  convection. 

(S21 )  niustratims.  —  TU  laws  ot  conduction  furnish  tho  ex- 
planation ot  many  familiar  tacts,  and  receive  many  important 
applications  both  in  the  arts  and  in  every-day  life.  Our  sensa- 
tions of  heat  and  cold  are  very  much  infiuenced  by  the  conduct- 
ing power  ot  tlie  substances  with  which  the  body  comes  m  contact. 


*  Aiiralos  dc  Chimio  ct  de  Physique,  3'  S.5rie,  Tom.  LSXI. 
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A  ]iea.rth,  for  example,  feels  colder  to  the  bare  feet  than  a  wooden 
floor,  aiid  this,  again,  colder  tlian  a  wooUen  carpet,  even  when  all 
are  at  the  same  temperature.  The  obvious  explanation  is,  that 
stone  is  a  better  conductor  than,  either  wood  or  wool,  and  there- 
fore removes  the  heat  from  tlie  body  more  rapidly.  The  body,  if 
properly  protected  by  poor  conductors,  may  be  exposed  witli  im- 
punity to  air  heated  to  150°,  while  it  would  be  burnt  by  contact 
with  a  rod  of  metal  heated  to  only  50".  The  oven-girls  of  Ger- 
many, protected  by  thick  woollen  garments,  enter  without  incon- 
venience ovens  where  all  kinds  of  culinary  operations  ai-e  going 
on,  although  the  touch  of  any  metallic  articles  while  there  would 
surely  burn  them. 

Water  in  pipes  laid  at  a  slight  deptli  under  ground  is  not 
frozen  during  the  severest  winter,  because  the  soil  is  a  poor  con- 
ductor ;  and  iron  safes  are  rendered  fire-proof  by  mating  them 
with  double  walls,  and  filling  the  intervening  space  witli  non- 
conducting materials.  Doors  of  fiu;naces,  ladles,  and  teapots 
are  provided  with  wooden  handles,  to  protect  the  hand  from  the 
heated  metal ;  and  hot  dishes  are  placed  on  woollen  or  straw 
mats,  which  prevent  the  polished  surface  of  the  table  from  being 
scorched.  So  also  vessels  of  glass  or  porcelain  are  heated  on 
a  sand-bath,  and  when  removed  from  the  fire  are  always  rested 
on  some  non-conductor,  as  they  are  liable  to  crack  when  suddenly 
heated  or  cooled. 

The  efficacy  of  clothing  in  preventing  the  escape  of  the  heat 
of  tlie  body  depends,  not  only  on  the  non-conducting  power  of 
the  material  itself,  but  also  on  that  of  the  air  which  is  imprisoned 
by  it.  Hence  it  is  that  wool,  fur,  and  eider-down,  which  retain 
large  bodies  of  air  withm  their  texture,  are  so  well  adapted  to 
protect  the  body  against  the  extreme  cold  of  winter.  The  order 
of  the  conductibility  of  the  different  materials  used  for  clothing 
is  as  follows :  Imen,  silk,  cotton,  wool,  furs.  Accordingly,  cotton 
sheets  feel  warmer  than  linen  ones,  and  blankets  warmer  than 
either.  In  summer,  coarse  linen  goods  are  used,  "because  they 
allow  the  heat  to  escape  from  the  body  more  readily  than  other 
materials,  while  a  dress  of  fine  and  close  woollen  is  the  best  pro- 
tection from  the  cold  of  winter  except  furs. 

It  is  in  consequence  of  the  non-conducting  property  of  gases, 
that  double  dooi-s  and  windows,  which  include  a  layer  of  air  be- 
tween them,  are  so  useful  in  preventing  the  heat  of  our  houses 
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from  escaping  outwards  ;  and  tho  double  walls  of  icoliouses, 
refrigerators,  or  water-coolers,  for  preventing  the  heat  from  en- 
tering. For  the  same  reason,  snow,  -which  encloses  large  quanti- 
ties of  air,  prevents  the  escape  of  the  heat  from  the  earth,  and 
Hmits  the  penetration  of  frost.  It  is  a  well-known  fact,  that 
the  ground  always  freezes  deeper  in  winters  without  snow  than 
when  it  abounds.  But  it  is  nnnecessaiy  to  multiply  these  Ulus- 
trations  further. 

(322.)  Coefficient  of  Conduction.  —  The  number  of  units  of 
heat  which  pass  in  one  second  through  a  solid  wall  1  m.  m.  thick 
and  having  an  area  of  liiT,  when  the  difference  between  the 
temperatures  of  the  two  faces  of  the  wall  is  equal  to  1%  is  caUed 
the  coefiicient  of  conduction  of  the  substance  of  which  the  wall 
consists.  The  coefficient  of  conduction  of  lead  was  determmed 
by  Peclet  by  means  of  a  veiy  ingenious  apparatus,*  and  found 
to  be  3.82.  From  this,  the  coefficients  of  conduction  of  other 
sohds  can  be  calculated  when  their  conductibility  as  compared 
with  lead  is  known.  We  give,  in  the  iirst  column  of  the  follow- 
ing table,  the  relative  conductibihty  of  several  solids,  as  deter- 
mined by  Despretz  ;  and  in  the  second  column,  the  coefficients  of 
conduction,  which  have  been  calculated  as  just  described.  The 
results  of  Despretz,  however,  are  not  probably  as  accurate  as  those 
of  "Wicdmaim  and  Franz,  given  above. 


J.         It. 

Tin,         .         .         -     Sl^-SD  6.46 

Lead,.         .         .         17-95  3.82 

Marble,  .         .         .       2.36  0.48 

Porcelain,    .         .  1.22  0.24 

Baked  Clay, 


L14 


GoU,    .         .         .     100.0     21.28 
Platinum,.         .  98.1     20.95 

Silver,  .         .         .       07.3     20.71 
Copper,      .         .  80.8     19.11 

Iron,     .         .         .       37.4       7.9.5 
Zinc,  .         .  30.3       7.74  1 

When  the  coefficient  of  conduction  is  known,  we  can  easily 
calculate  the  amount  of  heat  in  units  which  wiU  pass  through  a 
given  metaUic  plato  in  a  given  time,  by  means  of  the  foUowmg 
formula,  which  for  want  of  space  we  must  assume  without  proof. 

C=K.S  /--'-.  [205.] 

In  tins  formula,  K  represents  the  coefficient  of  conduction,  S  tho 


*  Aniiaks  Ae  Chlmie  ot  de  Physique,  3»  Serio,  Tom.  II. 


d  by  Google 


OOU  CHEMICAL  PHYSICS. 

area  of  the  plate,  E  its  thickness,  and  t,  t'  the  temperatures  of 
its  two  faces.  It  is  evident  that  the  quantity  of  heat  passmg 
thro\igh  such  a  metallic  plate  in  a  second  of  time  increases  in 
direct  proportion  with  tlie  conductibility  of  the  metal,  witli  the 
area  of  the  plate,  and  with  the  difference  of  temperature  between 
its  faces ;  and  it  is  also  evident  that  the  amount  of  heat  dunin- 
ishes  in  direct  proportion  to  the  thickness. 

It  has  already  heen  stated  (305),  that,  in  making  boilers  for 
evaporating  water  or  other  liquids,  it  is  necessary  to  pay  regard 
to  the  laws  of  conduction  ;  and  it  is  evident  from  the  above  for- 
mula tliat  the  greater  the  conducting  power  of  the  metals,  the 
larger  the  area  of  tlie  heating  surface,  and  the  thinner  the  boiler- 
plates, the  more  rapid  will  be  the  evaporation.  Hence  the  advan- 
tage of  copper  over  iron  boilers,  and  also  the  reason  that  water 
wiU  evaporate  so  much  more  rapidly  in  a  silver  dish  tlian  in 
one  either  of  glass  or  porcelain. 
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CHAPTER    V. 

WEIGHING  AND  MEASURDIG- 

(323.)  Recapitulation.  —  Most  motliods  of  chemical  investiga^ 
tion  and  all  processes  of  quantitative  chemical  analysis  involve  the 
accurate  determination  of  the  amounts  of  small  masses  of  mat- 
ter, either  hy  measure  or  hy  weight.  The  mass  of  a  body,  that 
is,  the  quantity  of  matter  which  it  contains,  is  necessarily  inva^ 
riable ;  but  its  weight  and  its  volume  are  liable  to  constant  va^ 
nations,  arising  from  changes  either  of  temperature  or  of  the 
pressure  of  the  atmosphere,  and  from  other  causes.  It  has  been 
one  great  object  of  the  present  volume  to  develop  the  principles  on 
which  these  variations  depend,  and  to  study  the  laws  which  they 
obey.  We  have  thus  been  led  to  different  methods  by  which  the 
observed  volumes  and  weights  of  bodies  may  be  reduced  to  cer- 
tain assumed  standards,  such  as  a  temperature  of  0°  C.  and  a 
pressure  of  76  c.  m. ;  and  it  will  be  the  object  of  the  remaining 
chapter  of  this  volume   to   illustrate  those   methods  by  a  few 


(324.)  "Weight.  —  The  weight  of  a  sohd  is  easily  determined 
by  means  of  the  balance.  The  theory  of  this  instrument  has 
been  already  given  at  length  (73),  and  tlie  methods  of  using  it 
are  so  simple  and  obvious  that  they  need  not  be  described  in 
detail.*  Were  it  not  for  the  presence  of  the  atmosphere,  the 
balance  would  ^ve  at  once  the  exact  relative  weight  (71)  of  a 
body ;  but  weighing  the  body,  as  we  must,  immersed  in  the  air, 
the  difference  of  the  buoyancy  which  the  air  exerts  on  the 
weights  and  on  the  body  may  make  the  apparent  weight  slightly 
different  from  the  actual  weight.  We  can  always,  however,  re , 
duce  the  observed  weight  to  the  weight  in  vacuo  by  means  of 

*  For  the  best  methods  of  manipulating  a  delictite  balance,  and  for  the  precautions 
required  in  accnrate  weighing,  tlie  student  maj  coDsait  the  standard  work  of  i'reseniua 
on  QuantilJitive  Analysis. 
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[91],  when  either  tiic  volumes  or  the  specific  gravities  of  both 
the  weights  and  the  body  are  known.  For  this  purpose,  the 
heights  of  the  barometer  and  thermometer  are  observed  at  the 
time  of  weighing,  and  from  these  observed  data  the  weiglit  of  one 
cubic  centimetre  of  air  (w),  required  in  making  the  reduction,  is 
easily  calculated  by  [215],  or  obtained  by  inspection  from  Table 
XIV.  In  weighing  either  solids  or  liquids,  however,  the  correc- 
tion for  the  buoyancy  of  the  atmosphere  is  at  best  very  small, 
and  may  bo  entirely  neglected  except  in  the  very  few  cases  where 
tlie  greatest  refinement  is  required ;  as,  for  example,  ui  adjusting 
standard  weights.  For  the  method  to  be  followed  in  such  cases, 
the  student  will  do  well  to  consult  tlie  admirable  memoir  of 
Professor  Miller*  on  the  restoration  of  the  English  standards. 

(325.)  Specific  Gravity.  —  The  specific  gravity  of  a  substance 
has  been  defined  as  the  ratio  of  its  weight  to  that  of  an  equal 
volume  of  pure  water  at  4°,  the  temperature  at  which  tlie  volume 
of  the  solid  is  meaam'ed  being  0°.  The  general  methods  by 
which  the  specific  gravity  of  solids  is  determined  have  been 
already  described  (144-146),  and  we  have  only  to  consider 
the  methods  by  which  results  obtained  at  other  temperatures 
may  be  reduced  to  the  standard  temperatures. 

In  order  to  obtain  tlie  specific  gravity  of  a  solid,  we  determine, 
in  the  first  place,  the  relative  weight  ( W")  of  the  body ;  and 
when  very  great  accuracy  is  required,  the  weight  observed  in  the 
air  may  be  reduced  as  just  described.  We  next  seek,  by  one  of 
tlie  methods  of  (145)  and  (146),  the  weight  of  pure  water  (  TT') 
displaced  by  the  body  when  the  temperature  of  the  water  is  4°, 
and  tliat  of  the  solid  0° ;  and,  lastly,  wo  calculate  the  specific 
gravity  by  dividing  the  first  weight  by  the  last.  Practically, 
tlie  value  of  W  is  always  determined  at  some  temperature,  f, 
liigher  than  the  standard  temperatures,  and  the  same  for  both 
solid  and  water  ;  and,  before  using  it  in  calculatmg  the  specific 
gravity,  it  is  necessary  to  determine  what  would  be  its  value 
assuming  that  the  water  was  at  4°  and  the  solid  at  0°.  In  Table 
XVI.  we  have  given  the  specific  gravity  of  water  at  different 
temperatui'es  referred  to  water  at  4"  as  unity.  Representing, 
then,  tlie  specific  gravity  at  f  by  J,  and  also  the  weight  of  water 
displaced  respectively  at  f    and   4°  by  W^,  and   W^^>,  we  shall 

*  Philosopliicd  Transactions,  Part  III.     London,  ISJG. 
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have,  evidently,  (assuming  that  the  vohime  of  the  solid  is  in- 
variable,) 

m.  :  W,.  =  1  :  ^     or     1^-  =  1^=  j  ■  [206.] 

But  the  Tohime  of  the  solid  is  not  invariable,  and  it  displaces  at 
0°  (the  standard  temperature  for  the  solid)  less  water  than  at  T. 
V  the  volumes  of  the  solid  at  0"  and  f  by  Vg,  and 


"r,=  respectively,  we  have,  by  [166], 
the  two  weights  of  water  displaced  by  the  soKd  when  at  0°  arid  t" 
must  be  proportional  to  the  volumes  of  the  solid  at  these  tempera- 
tures, (assuming  now  that  the  temperature  of  the  water  is  invaria- 
bly  at  4%)  we  shall  also  have  TT,, :  W'^^  =  V,.  :  YJ^Ct '  '^^^'^^^ 
and  by  [206], 

[207.] 

Having  thus  obtained  the  weight  of  water  at  4°  displaced  by  the 
solid  at  0°,  this  valne,  TTV,  is  to  be  used  in  place  of  W'  in  [87]. 
The  last  factor  of  [207]  is  always  very  nearly  unity,  and  can  in 
most  cases  be  neglected  without  appreciable  error.  When  the 
coefficient  of  expansion  is  not  accurately  known,  and  great  accu- 
racy is  required,  the  value  of  K  may  be  ehminated  from  [207] 
by  making  two  determinations  of  the  weight  of  water  displaced 
at  temperatures  differing  as  widely  from  each  other  as  the  cir- 
cumstances will  permit.  In  very  accurate  determinations  the 
temperature  of  the  water  should  be  observed  to  the  tenth  of  a 
Centigrade  degree ;  and  if  the  value  of  8  is  not  given  in  the 
table  for  tlie  observed  temperature,  it  can  easily  be  determined  by 
interpolation.     Oompai'e  (289).* 

,*  The  most  accurate  metliod  of  determining  the  specific  gravity  of  a  nolid  is  the 
one  with  the  hydrostalic  balance  (146),  which  should  always  be  osed  when  the  nature 
of  the  substance  will  admit  of  it.  The  body  is  best  suspended  from  the  pau  of  the 
balance  by  ft  single  fibre  of  silk,  or  by  a  very  fine  human  hair,  and  the  temperature  of 
the  water  observed  by  means  of  a  1-017  delicate  thermometer,  adjusted  so  that  the 
bulb  may  be  nearly  in  contact  ivith  the  body,  and  so  that  the  division  may  be  read  by 
a  telescope  placed  outside  of  the  balance-ease.  When  the  ?plid  is  in  powder,  it  can  be 
supported  nnder  water  in  a  small  glass  cup  Euspended  to  the  pan  of  the  balance  by  a 
platinum  wire.  In  this  cnse,  it  is  necessary  to  weigh,  first,  the  cnp  under  w——  '— ' 
mccBcd  to  a  point  marked  on  the  platinum  wire.    We  ihcn  weigh  tliG  cup  cc 
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(326.)  Volume.  —  The  volume  of  a  solid  can  rarely  bo  deter- 
mined Tvith  accuracy  by  direct  measurement.  It  is  therefore 
generally  calculated  from  the  weight  and  the  specific  gravity  by 
means  of  the  formula  [56].  Several  examples  of  such  calcula- 
tions have  already  been  given  among  the  problems. 

the  powder  immersed  to  the  same  point,  taking  care  that  tlio  temperatnre  is  tiie  same 
as  before.  The  tlifFerence  tetwoon  these  weights  is,  evidently,  the  woieht  of  water  dis- 
placed hy  the  BOhd  at  the  ohserved  temperature,  which  must  be  reduced  K>  the  standard 
temperatares  hy  [207].  Lastly,  we  wash  the  powder  into  a  tared  beaker-glass,  evapo- 
ral«  the  water,  and  determine  the  weight  of  the  solid.  The  only  otgeetion  to  this 
method  of  experimenting  arises  from  the  fiict  that  the  resiataiice  of  the  water  to  the 
motion  of  the  cap  renders  the  balance  less  sensitive  and  prompt  in  its  indications. 

When  the  solid  is  in  powder,  very  accurate  results  can  be  obtained  with  a  specific- 
gravity  bottle  (145).  The  neck  of  the  bottle  shonld  be  made  with  a  thick  rim,  ground 
square  at  the  top,  and  the  glass  stopper  should  be  so  fitted  as  not  to  have  a  channel 
between  the  two  in  wliicli  water  can  collect  In  order  to  determine  its  specitio  gravity, 
a  known  weight,  W,  of  the  powder  is  intcofluced  into  the  bottle  with  water,  and  after 
the  entangled  air  has  been  removed  by  an  air-pump,  the  bottle  is  suspended  in  a  large 
beaker  of  water  whose  temperatnre  is  very  slightLy  higher  than  that  of  the  room.  This 
temperatnre,  (,  is  carefully  observed  by  means  of  a  delicate  thermometer,  whose  bulb  is 
placed  near  the  bottle.  After  an  equilibrium  is  establislied,  the  stopper  is  inserted  into 
the  neck  of  the  bottle  while  it  is  still  under  water.  The  bottle  can  then  be  remored, 
and,  after  having  been  wiped  dry,  weighed  at  leisure.  This  is  the  weight  Wi  of  [86] . 
For  eveiy  specific-gravity  bottle,  we  determine  once  fbr  all  the  weight.  Wo,  of  water 
which  it  contains  at  0°.  This  is  a  constant  for  that  boltle,  and  from  it  wo  can  easilj 
calculate  the  weight  of  the  bottle  filled  with  water  at  1°,  or  Wi,  by  the  formula, 

Wi  =  W'  +  W«{l  +  Kl)!f,  [208.] 

in  which  W  is  the  weight  of  the  glass,  K  Ibo  coefficient  of  expansion  of  glass,  and  i 
the  specific  gravity  of  water  at  f,  referred  to  water  at  0°  as  unity,  as  given  by  Table 
XVI.    The  weight  of  the  water  displaced  at  t°  is  now  determined  by  the  formula 

w'f  =  wi  +  w—  m, 

wliieh  is  then  reduced  to  the  standard  temperature  by  [207]. 

The  chemist  frequently  has  occasion  lo  determine  the  speoiiic  gravities  of  solids 
which  are  soluble  in  water.  For  this  purpose  he  selects  some  inactive  liquid,  such  as 
alcohol,  glycerine,  or  oil  of  tm'pentine,  and  first  finds,  by  one  of  the  methods  just  de- 
scribed, the  w^ht  of  this  liquid  displaced  by  the  body,  exactly  as  when  nsing  water, 
the  temperature  being  carefully  observed.  He  then  determines  the  specific  gravity  of 
the  liquid  used  at  the  same  temperatnre  as  before,  and  from  these  data  easily  calculates 
the  specific  gravity  of  the  solid.  The  student  will  be  able  to  devise  a  formula  for  iho 
purpose. 

In  all  delicate  deterrainationBof  specific  gravity  it  is  essential  to  use  several  grammes 
of  the  substance,  since  otherwise  a  very  small  error  in  the  weighing  will  cause  an  im- 
portant error  in  the  resnit.  It  is  also  essential  to  remove  any  lur  which  may  be 
entangled  in  the  interstices  or  cavities  of  the  solid.  This  can  be  done  either  by  boiling 
the  liquid  in  which  the  solid  is  immersed,  or  by  placing  the  vessel  containing  the 
liquid  and  solid  under  the  receiver  of  an  air-pump  and  exhausting  the  au'. 
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(327.)  Weight  mid  Specific  Gravity. — -The  weight  of  a  liqtiid 
can  be  most  accurately  determined  by  direct  weighing,  and  the 
weight  of  the  liquid  in  the  atmosphere  may  be  reduced  to  the 
weight  in  vacuo  exactly  as  in  the  case  of  solids ;  only  the  tare  of 
the  flask  in  which  the  liquid  is  enclosed  must  he  taken  under  the 
same  circumstances  of  temperature  and  pressure  as  those  under 
which  the  liquid  is  weighed.  Such  niceties,  however,  are  very 
rarely  necessary. 

The  specific  gravity  of  a  liquid  determined  at  an  observed 
temperature,  (,*  by  either  of  the  methods  described  in  (145) 
and  (146),  can  easily  be  reduced  to  the  standard  temperature 
when  the  law  of  expansion  of  the  liquid  is  known.  For  this  pur- 
pose, we  first  calculate  the  volume  of  the  liquid  at  f  (1^°),  the 
volume  at  0°  being  unity,  by  means  of  the  empirical  formula 
expressing  the  law  of  expansion  (255)  ;  and  since  tlie  specific 
grayity  at  different  temperatures  must  be  inversely  as  the  volume, 
we  have 

T;.  :  1  =  (Sp.  Gr.\^  :  (Sp.  Gr.\  , 

and  [209.] 

(^Sp.Gr.')^  =  (iSp.Gr.')p  V,.. 

In  most  cases  witli  which  the  chemist  meets  in  practice,  however, 
the  law  of  Expansion  is  not  known.  It  is  then  best  to  determine 
by  direct  experiment  the  specific  gravity  of  the  liquid  at  the  stand- 
ard temperature.  An  apparatus  invented  by  Rcgnault  (Fig.  454) 
may  be  used  with  advantage  for  this  purpose.  It  is  merely  a 
specifie^ravity  bottle,  so  shaped  that  it  can  readily  be  surrounded 
by  melting  ice  and  the  volume  of  the  liquid  measured  with 
great  accuracy.  It  is,  in  the  first  place,  filled,  like  a  thermometer- 
tube,  with  the  liquid  to  be  examined,  which  is  then  cooled  to  0" 
by  surrounding  the  apparatus  supported  on  its  stand  with  pulver- 

*  By  "  Gpeeific  gcavitj  of  a  liquid  at  the  temperature  ( "  is  meant  the  weight  of  tl« 
liquid  divided  by  the  weight  of  an  equal  volume  of  water,  the  liquid  being  measured  at  1° 
and  the  vi-aier  at  4°.  In  using  a  specific-gravity  bottle  (145),  we  have  only  to  determine 
for  each  substance  flie  weight,  W,  of  liquid  which  exactly  fills  the  bottle  at  t°.  Having 
previously  determined,  once  for  all,  the  weight  of  water  at  4°  which  Ihe  bottle  will  con- 
tain at  the  same  temperature,  we  can  easily  calculate  by  [1G6]  the  weight  of  water  at 
4°  wliicli  the  bottle  would  hold  at  t°.  In  using  the  hydrostatic  balance,  the  resalta  may 
be  reduced  in  a  similar  wav. 
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ized  ico.  After  an  equilibrium  of  temperatare  is  established,  tlic 
excess  of  the  liquid  is  removed  with 
bibulous  paper,  until  the  liquid 
stands  at  a  point  marked  on  the 
fine  tube  which  forms  the  neck  of 
the  bottle.  The  apparatus  is  now 
closed  with  its  glass  stopper,  and  it 
may  then  be  removed  from  the  ice, 
wiped  dry,  and  weighed  at  leisure. 
By  subtracting  from  this  weight  tlie 
tare  of  the  glass  and  the  brass  stand, 
we  obtain  the  weight  of  liquid  which 
the  apparatus  holds  at  0°,  which,  di- 
vided by  the  weight  of  water  it  con- 
tains at  4°  (previously  determined), 
gives  the  exact  specific  gravity, 
[      i   ,.-:^=::'-..       "1  (328.)    Volume.  —  The   voliunes 

-^--.--T^''  _  of  liquids  are  generally  determined 

5ig.454,  by   direct   measurement.     For  this 

purpose  a  great  variety  of  grad- 
uated glasses  are  used,  which  are  described  in  detail  in  most 
works  on  Chemical  Manipulation  or  Chemical  Analysis.* 
Those  instruments  for  chemical  purposes  are  usually  gradu- 
ated in  cubic  centimetres,  and  are  only  standard  at  0°.  The 
process  of  measurement  is,  however,  seldom  so  accurate  as  to 
make  it  important  to  regard  the  change  of  volume  which  the 
glass  undergoes  from  changes  of  temperature.  The  same,  how- 
ever, is  not  true  in  regard  to  the  liquid  itself ;  where  great 
accuracy  is  required,  it  is  important  to  observe  the  temperature 
at  which  the  measurement  is  made,  and  to  reduce  the  observed 
volume  to  the  standard  temperature  by  means  of  the  empirical 
formula  (255) ,  which  expresses  the  law  of  expansion  of  the  given 
liquid. 

The  volume  of  a  liquid  can  he  determined  with  greater  accu- 
racy by  [56]  ;  that  is,  by  dividing  the  weight  of  tlie  liquid  by  its 
specific  gravity  for  the  temperature  at  which  the  volume  is  re- 
quired. This  method  is  frequently  used,  in  chemical  investiga- 
tions, for  measuring  the  volume  of  a  glass  vessel.     For  this  pur- 
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pose,  -we  determine  with  a  delicate  balance  the  weight  of  mercury 
or  distilled  water  which  the  vessel  contains  at  an  observed  tem- 
perature. This  weight,  divided  by  the  apeciac  gravity  of  mercury 
or  water  for  the  given  temperature,  gives  the  volume  of  the 
vessel  at  that  temperature.  If  the  weight  is  accurate  to  one 
centigramme,  the  volume  may  thus  he  measured  -within  the  thou- 
sandth or  the  hundredth  of  a  cubic  centimetre,  according  as 
merciiry  or  water  was  used  in  the  determuiation.  Knowing  now 
the  volume  of  the  vessel  at  a  given  temperature,  t,  and  also  the 
coefficient  of  expansion  of  glass  (245),  we  can  easily  calculate 
by  [167]  the  volume  at  any  other  temperature  (241). 


GASES    AND    VArOE9. 

(329.)  Weight.  —  The  weights  of  equal  volumes  of  the  best 
known  gases  and  vapors  have  been  determined  with  great  care  by 
several  experimenters,  and  it  is  now  seldom  necessary  to  repeat 
tlie  determmation.  Those  of  air,  oxygen,  nitrogen,  hydrogen,  and 
carbonic  acid  were  determined  by  Regnaiilt,  and  are  among  the 
most  accurate  constants  of  science.  The  method  which  he  used 
will  serve  to  illustrate  the  general  method  followed  in  such  cases. 

Eegnatilt  weighed  the  gases  in  a  lai^e  glass  globe,  whose  volume,  V, 
had  been  measured  in  the  way  just  de- 
scribed. In  order  to  avoid  the  always 
uncertain  correction  made  necessary  by 
changes  in  the  buoyancy  of  the  atmosphere 
during  the  course  of  lie  experiments,  he 
equipoised  this  globe  by  another  globe  of 
the  same  size  and  made  of  the  same  kind 
of  glass  (see  Fig.  258) ;  so  completely 
did  this  simple  provision  effect  its  object, 
that  in  one  experiment  he  saw  the  equi- 
librium maintained  during  fourteen  days,  in 
spite  of  great  change  in  the  temperature, 
pressure,  and  moisture  of  the  air  The  ex 
periments  were  conducted  in  the  folio  vmg 
way.  The  globe,  having  been  surroundel 
with  melting  ice  (Fig.  455),  and  connected 
by  a  lead  tube  with  the  manometer  ( (  and 
also  with  an  air-pump  through  the  branch 
tube  a  m,  was  first  filled  with  perfectly  pure 
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efFcctcd  by  exhausting  it  several  times,  and,  after  each  cxliatistion.  con- 
necting it  with  the  vessel  in  which  the  gaa  was  generating  through  a  series 
of  U  tubes,  by  which  the  crude  gas  was  dried  and  purified.  The  globe 
was  thea  exhausted  again  as  perfectly  as  possible,  and  the  tension  of  the 
small  amount  of  gas  remaining  in  it  ascertained  by  measuring  the  height 
a  (J  with  a  cathetometer.  Represent  this  by  h„.  This  measurement  hav- 
ing been  made  and  the  stopcock  closed,  the  globe  was  disconnected  from 
the  manometer,  removed  from  the  ice,  and,  having  been  carefully  cleaned, 
suspended  to  one  pan  of  a  very  strong  and  delicate  balance,  and  coun- 
terpoised by  a  second  globe  as  above  described.  The  globe  was  then 
returned  to  its  first  position,  and  the  connection  having  been  made  as 
before,  it  was  agmn  filled  with  the  same  gas  under  tlie  pressure  of  the  air. 
Represent  the  pressure,  as  given  by  the  barometer,  by  ^.  Lastly,  the 
globe  was  a  second  time  suspended  from  the  balance,  and  the  increase  of 
weight  determined,  which  we  will  call  W.  This  evidently  was  the  weight 
of  a  volume  of  gas  equal  to  the  volume  of  the  globe  measured  at  0°, 
and  under  a  pressure  of  ^ — h„.  The  weight  of  one  cubic  centimetre 
of  the  gas  at  0°,  and  under  a  pressure  of  76  c,  m.,  was  then  calculated  by 
the  formula, 

The  results  obtained  by  Eegnaiilt  wore  as  follows :  — 


Air, I.OOOOO  1.293187 

Nitrogen, ....  0.97137  1.256167 

Oxygen,       ....  1.105G3  l.i29802 

Hydrogen,         .         .         .  0.06926  0.089578 

Carbonic  Add,      .         .         .  1.52901  1.977414 

It  was  discovered  by  Gay-Lussac,  that  all  gases  combine  with 
each  other  in  very  simple  proportions  by  volume.  Tliis  remark- 
able law  will  be  considered  at  length  in  another  portion  of  this 
work.  It  is  sufficient  for  tho  present  to  say,  that  it  gives  us  the 
means  of  calculating  from  the  weight  of  one  litre  of  oxygen  the 
weight  of  one  litro  of  any  other  gas  when  the  chemical  equiva- 
lent and  the  combining  volume  are  known.  In  this  way  the 
values  given  in  the  fifth  column  of  Table  II.  have  been  calcu- 
lated. They  are  not  exactly  equal  to  tliose  obtained  by  direct 
experiment,  probably  because  the  different  gases  are  unequally 
compressed  by  tlie  weight  of  the  atmosphere.  The  actual  weights 
as  observed  can  always  be  obtained  by  multiplying  the  "  specific 
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gravity  by  observation,"  given  in  Tables  III.  and  IV.,  by  1.29206. 
the  woiglit  of  one  litre  of  air. 

The  weight  of  one  litre  of  a  vapor  at  0"  and  76  c.  m.  is  of 
course  a  fiction,  since  all  those  gases  generally  known  as  vapora 
(292)  Trould  be  condensed  to  liquids  under  these  conditions  of 
temperature  and  pressure.  It  is  convenient,  however,  in  many 
calculations,  to  know  the  weight  which  one  litre  of  a  vapor  would 
have  at  the  standard  temperature  and  pressure,  assuming  that  it 
could  retain  its  aeriform  condition  under  these  circumstances ; 
the  weights  of  the  vapors  are  therefore  given  in  Table  II.  in 
connection  with  those  of  the  gases. 

Knowing,  then,  the  weight  of  one  litre,  and  hence  also  of  one 
cubic  centimetre,  of  all  the  more  important  gases  and  vapors  at 
0°  and  at  76  c.  m.,  when  perfectly  dry,  we  can  easily  calculate 
from  these  constants  the  weight  of  one  cubic  centimetre  of  any 
of  these  gases  when  saturated  with  aqueous  vapor,  and  at  any 
given  temperature  and  pressure.  The  following  formula  for  the 
purpose  is  easily  deduced  from  [100],  [184],  and  [203],  re- 
membering that  the  weight  of  one  cubic  centimetre  of  any  given 
mass  of  gas  must  be  mversely  as  its  volume. 

'^'  =  «'  •  1+ 0.00366  i   •   ~76—  l211.] 

This  formula  gives  the  weight  of  the  gas  only,  not  including 
the  weight  of  aqueous  vapor  mixed  with  it ;  if  the  gas  is  dry,  ^ 
becomes  0,  and  of  course  disappears.  Using  the  weight  of  one 
litre  of  aqueous  vapor  at  0°  and  76  c.  m.  given  in  Table  II., 
we  can  easily  calculate  by  [211]  the  weight  of  one  cubic  metre  of 
aqueous  vapor  at  different  pressures  and  temperatures.  It  was  in 
this  way  ihs,t  the  values  given  on  page  571  were  obtained.  They 
are  not  absolutely  accurate,  because,  as  we  have  before  seen,  the 
vapor  deviates  from  the  law  of  Mariotte  before  reaching  its  maxi- 
mum tension,  wMIe  the  formula  assumes  that  it  strictly  obeys 
the  law. 

The  weight  of  one  cubic  centimetre  of  a  gas  depends,  to  a  slight 
extent,  on  still  another  cause  not  yet  considered,  namely,  tho  va- 
riations in  the  intensity  of  tlie  force  of  gravity  over  the  surface 
of  the  earth.  What  the  effect  of  such  variation  must  be  can 
easily  be  seen  by  taking  an  assumed  case.  Suppose,  then,  that 
the  intensity  of  the  earth's  attraction  were  exactly  doubled,  it 
is  evident  that  tho  total  weight  of  the  atmosphere,  and  hence 
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its  pressure,  would  be  doubled.  Moreover,  the  density  of  all 
gases  exposed  to  this  pressure  -would  be  doubled  also ;  and  all 
this  change  would  take  place  ■without  any  variation  in  the  height 
of  the  barometer ;  for  although  the  pressure  of  the  air  ivould  be 
thus  increased,  the  weight  of  the  mercury-column  which  meas^ 
ures  this  pressure  would  be  increased  in  tlie  same  proportion. 
A  similar  effect  to  this,  although  only  to  a  very  sHght  extent,  is 
produced  by  the  small  variations  in  the  force  of  gravity  on  the 
earth's  surface.  Other  things  being  equal,  the  relative  weight  of 
one  cubic  centimetre  of  a  gas  at  different  places  is  proportional 
to  the  force  of  gravity  at  these  places. 

w  :  w'  ^=  g  :  g'  and         iv'  ^  m  —  ■  [212.] 

The  weights  determined  by  Regnault,  and  given  on  page  668, 
are  only  exact  for  Paris,*  where  g  =  9.8096  ;  but  from  these  the 
weight  for  any  other  latitude  or  elevation  can  easily  be  calcu- 
lated by  [40]  and  [47].  The  weights  given  in  the  fifth  column 
of  Table  II.  were  calculated  for  the  latitude  of  the  Capitol  at 
Washington  (38°  53'  34")  and  the  sea  level.  They  can  be  re- 
duced for  any  other  place  by  the  following  formula,  easily  derived 
from  [212],  [40],  and  [47]  :  —  , 

,  1  —  0.00259  cos  2  1  roio  -i 

If'  =  10 —. gr-r-  ;  [213.] 

0.999i5(l+,-3^) 

but  such  reduction  is  seldom  necessaiy. 

(330.)  Specifie  Gravity  of  Gases.  —  It  is  usual  to  refer  the 
specific  gravity  of  gases  to  air,  as  a  standard  of  comparison,  in- 
stead of  water,  and  the  specific  gravity  of  a  gas  may  be  defined, 
as  the  ratio  of  its  weight  to  that  of  an  equal  volume  of  dry  air, 
both  being  measured  at  0°  and  imder  a  pressure  of  76  e.  m. 

EegnauWa  Method-  —  The  most  accurate  method  of  determining  the 
specific  gravity  of  a  gas  is  due  to  Eegnault,  It  consists  in  determining 
with  the  apparatus  described  above  (S29)  the  weight  of  the  given  gas 
which  a  large  glass  globe  will  contain  at  0°  and  76  c.  m.,  and  then  divid- 
ing tiiis  weight  by  that  of  an  equal  volume  of  air  previously  determined 
in  the  same  way.  This'  method  requires  no  farther  description,  as  the 
process  of  determining  the  weight  of  the  gas  has  already  been  given  in 
detaih  It  admits  of  great  accuracy,  and  should  always  be  used  in  normal 
determinations. 

)'  \i",  and  the  elevatioa 
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Bumen's  Method.  —  When,  however,  ilie  very  greatest  accuracy  is  not 
required,  as  in  the  investigations  usually  made  in  the  laboratory  on  gas- 
eous bodies,  their  specific  gravity  can  he  obtained  by  dividing  the  weight 
of  the  gas  hy  the  weight  of  the  same  volume  of  dry  air  talien  at  the 
same  temperature  and  under  the  same  pressure.  This  ratio  is,  strictly 
speaking,  the  specific  gravity  only  when  the  gas  obeys  exactly  the  law  of 
Mariotte,  and  has  the  same  coeffleient  of  expansion  as  hat  ;  but  it  is,  nev- 
ertheless, in  most  cases  near  enough  for  all  practical  purposes.  Bunsen's 
method*  is  an  application  of  this  principle.  Ho  employs,  for  determining 
the  specific  gravity  of  a  gas,  a  common  light  flask,  g.  Fig.  456.     The  vol- 


ume of  this  flask  should  he  ibout  200  or  300  cubic  centimetres,  and  the 
nedt,  a,  thiLkcned  before  the  blowpipe,  should  be  drawn  out  so  as  to  have 
an  aperture  of  the  thickness  of  a  straw,  into  which  a  glass  stopper  is 
ground  aii  tight  by  mean?  of  emery  and  turpentine.  Through  this  neck, 
which  13  furnished  with  an  etched  scale  in  millimetres,  mercury  is  poured 
by  means  of  a  funnel  iPichmg  to  the  bottom  of  the  flask,  until  the  whole 
is  filled.  As  soon  as  this  is  accomplished,  the  flask  is  transferred,  with  its 
mouth  downwards,  into  the  mercury-trough  A  A,  and  gas  is  allowed  lo 
enter,  until  the  level  of  mercury  in  the  neck  of  the  flask  stands  a  few 
millimetres  higher  than  in  the  trough.  In  order  lo  prevent  the  gas  from 
becoming  mixed  with  air,  it  is  evolved  from  as  small  a  vessel  as  possible, 
and  allowed  to  enter  the  flask  through  a  narrow  "delivery  tube,  and  in  the 
moist  state.!     The  gas  is  dried  in  the  flask  itself  by  a  smaU  piece  of  fused 

*  This  description  is  taken  from  Bnnaen'a  Gssometiy  (Eoscoe'a  translation),  Taiying 
only  tfiemetlioil  of  oompnting  the  results. 
f  If  tho  gas  tinder  exaniination  corrodes  mciTuiy,  tlie  flask  cannot  bo  filled  in  this 
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chloride  of  calcium,  h,  which  has  previously  been  made  lo  crystallize  on 
the  side  of  the  flask  by  hringing  it  into  contact  with  a  single  drop  of  water 
and  alternately  heating  and  cooling  the  glass.  This  small  piece  of  chlo- 
ride of  calcium  serves  also  to  free  the  mercury  and  the  sides  of  the  flask 
from  all  adhering  moisture.  In  order  to  be  able  to  close  the  flask  at  any 
time  without  wanning  it  with  the  hand,  the  little  lever  cf  is  employed. 
On  the  end  of  this  lever  the  stopper  is  so  fastened  in  a  cork,  that  it  passes 
info  the  neck  of  the  flask  without  closing  it ;  and  the  lever  is  held  in  its 
right  place  by  a  wedge,  d,  pushed  under  the  finger-plate  c.  As  soon  as 
tlie  flask  has  attained  the  constant  temperature,  (,  of  the  laboratory,*  the 
volume  t  of  the  gas,  V,  the  height  of  the  barometer,  H^,  and  the  height,  Ao, 
of  the  column  of  mercury  in  the  neck  above  the  level  of  the  metal  in  the 
trough,  are  carefully  observed.  It  is  now  necessary  to  determine  the 
weight  of  this  volume  V.  For  this  purpose,  the  wedge  d  is  taken  away ; 
the  flask  g  is  thereby  closed,  and  by  withdrawing  the  pin  e,  it  can  then  be 
removed,  together  with  the  lever  cf,  from  the  trough.  Having  discon- 
nected the  lever  from  the  stopper,  and  carefully  cleaned  the  exterior  surfaee 
of  the  flask,  it  is  then  weighed. 
I/Ct  W  represent  this  weight,  H\ 
the  height  of  the  barometer,  and 
('  the  temperature  of  the  balance 
at  the  time  The  glass  stoppei 
IS  now  removed,  and  replai'ed  by 
an  vaAiA  rubber  tube,  a,  Fig  4i)7, 
connected  with  a  drying  tube,  h 
The  apparatus  thus  arranged  is 
pl'iced  undpr  the  receiver  of  an 
air-pnmp,  and  by  attematelv  ex- 
hausting and  admitting  the  aii, 
the  gas  m  the  flaak  lo  replaced 
by  diy  air  Thp  drying  appa- 
latus  IB  then  difLonnected,  and 
the  flask  weighed  again  Call 
this  Height  ff'  Since  the  an 
1  „  i  has  free  access  both  to  the  intP 

w  ay  bnt  '  noa  sufh  {rases  are  almoit  iiivanabh  hpavier  than  air  it  can  be  filled  by 
diaplacement  The  flask  being  placid  m  an  upnght  position  and  the  deliieij  tube 
extending  quite  to  the  hottom  the  gas  is  allowed  to  flon  in  aol  overflow  the  month 
nnUl  all  the  air  has  been  e^pelle  1.  The  tul  e  is  then  slowly  withdrawn,  the  flow  l  f  gia 
Btill  continuing,  and  the  month  of  the  flask  closed  by  its  stopper. 

*  These  espeiiraenls  should  be  conducted  in  a  eeliar-room,  in  wbiclx  a  constant 
temperature  can  be  maintained  for  several  hours. 

t  Before  using  the  flask,  it  is  once  for  al!  carefully  calibrated,  and  the  volume  corre- 
Bponding  to  eadi  division  on  the  neck  inscribed  in  a  table,  whLdi  is  kept  with  tlie  in- 
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rior  and  tl\c  exterior  surface  of  the  flask,  it  is  evident  that  W  is  aim- 
ply  the  weight  of  the  glass  of  the  vessel  and  of  the  small  amount  of 
iaercury  and  chloride  of  calcium  which  it  contains,  less  the  weight  of 
air -which  these  materials  displace.  It  is  also  evident  tliat  TTmust  be 
equal  to  W  increased  by  the  weight  of  the  volume  of  gas,  V,  contained 
in  the  flaak,  and  diminished  by  the  weight  of  air  displaced  by  this  volume 
of  gas  when  the  flask  was  weighed.  The  weight  of  the  gas  is,  then,  equal 
to  W^W'-]-W";m  which  W"  is  the  weight  of  V  cubic  centimetres 
of  dry  air  at  ('"  and  JI'o  c.  m.,  calculated  by  [211].  To  obtain  the  specific 
gravity,  we  have  now  only  to  divide  tlie  weight  of  the  gas  by  the  weight 
of  an  equal  volume  of  air  measured  under  the  same  conditions  of  temper- 
ature and  pressure  at  which  the  gas  was  measured,  that  is,  at  f  and 
(jy„~i^)c.m.  This  can  also  be  caJculated  by  [211].  Representing 
then  this  last  weight  hy  W",  we  have  for  calculating  the  specific  gravity 
the  three  followmg  equations  :  — 

Sp.  tr.  — ,pi — —  > 


[214.] 


IT"  =:  0.0012021  V  ~ 


l_L.0r00366('    ■    76  ' 


[215.J 


IT"' =  0.0012921  V 


1 .   ^:^.  [216.1 


Aa  an  example  of  the  method  of  calculation,  we  dte  the  following  from 
Bunsen's  work.  A  determination  of  tlie  specific  gravity  of  bi-omide  of 
methyl,  with  a  small  flask  of  about  U  STui."  capacity,  furnished  the  fol- 
lowing data :  — 
F'=7.9i65gra 
r':=  7.8397     " 


.  /f'„  =  7i.2]c.m.    r=42.19crm.=     i?„=74.64c. 
('     =6'',2  t  =16°.8  A„=  2.43 


Calculation  of  W". 


//„_/;„=  72.21 


J.  9.97409 

y.  1.8.5860 

8.11919 


CcdculcUion  of  W"* 

e    =6''.2  ar.  CO.  9.99025 

Zrt=  74.21  log.  1.87046 

76.  ar.  CO.  8.11919 

V  =  42.19  log.  1.62521 

0.0012932     log.  7.11166 

W"  =  0.052092       log.  8.71677 

W—W'-\-W=         0.158892  jog. -j.^vyuo 

Specific  gi-avity  of  Eromide  of  Methyl,  3.253  log  0.51235 

*  The  values  of  W"  ami  W"  can  be  calculated  much  more  rapidly,  ^though  nilli 
less  accuracy,  by  means  of  Table  XIV. 

57 


7.11166 
W"  =  0.048837  log.  8.68875 
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(331.)  Specific  Gravity  of  Vapors*  —  As -wili  appear  in  an- 
other portion  of  this  work,  the  determination  of  the  specific 
gravity  of  vapors  is  one  of  tlie  most  important  processes  of  prac- 
tical chemistry.  We  always  make  the  determinations  at  a  tem- 
perature considerahly  ahove  the  boiling-point  of  tlie  substance  ;  f 
and  since  under  these  circumstances  a  vapor  has  all  the  prop- 
erties of  a  gas  (292),  it  follows  that  its  specific  gravity  may  be 
found  by  dividing  its  weight  by  the  weight  of  an  equal  volume 
of  air  measured  under  the  same  conditions  of  temperature  and 
pressure.  The  method  of  determining  these  two  weights  usually 
followed  in  the  case  of  vapors  is  precisely  similar  to  that  used 
in  the  case  of  gases  and  described  in  the  last  section,  and  tlie 
same  formulae  may  be  used  in  calculating  the  results.  It  dif- 
fers from  it  only  in  the  details  of  the  manipulation,  and  in  the 
fact  that,  on  account  of  tlie  high  temperature  to  which  the  vapor 
is  heated,  it  is  necessary  to  take  into  account  the  change  in  the 

*  We  use  the  tenn  vapor  liere  in  its  ordinary  sense. 

t  Ttia  number  of  degrees  abore  the  boiling-point  at  which  a  vapor  tirst  acquires 
fulij  the  properties  of  a  permanent  gas  vaiies  voiy  greatly  with  (iillereol  substances. 
Thus,  under  the  normal  pressure  of  the  air,  the  rapors  of  water  and  alcohol  obey  the 
law  of  Mariotte  at  a  temperature  only  a  few  degrees  above  their  boiling-points,  while 
the  vapor  of  sulphur  does  not  obey  the  law  until  heated  to  at  least  SOQO  above  its  boil- 
ing-point. Unless  the  experimenter  is  confident  in  regard  to  the  properties  of  the  Eub 
Blanoa  under  exammation  in  this  respect,  it  is  beet  to  make  two  determinations  of  the 
specific  gi'avity  at  temperatnres  differing  by  twenty  or  thirty  degrees.  If  the  two  do 
notagree  within  the  limit  ofewor  of  the  method  employed,  it  is  an  indication  that  the 
temperature  is  not  sufficiently  bigh.  This  is  illuBtraf  ed  by  the  experimenls  of  Cahonrs 
on  the  specific  gravity  of  the  vapor  of  monohydrated  acetic  acid.  He  found  that  the 
spedflo  gravity  did  not  become  constant  until  the  tempei'ature  rose  above  240°  0 ,  that 
is  120°  above  its  boiling-point.     The  following  table  contains  his  results :  — 


130  3.105  220  2,132 

UO  2.907  240  2.090 

150  2. 727  270  2.088 

IfiO  2.601  310  2.085 

170  2.480  320  2.083 

180  2.438  336  2.083 

190  2.378 

It  is  evident  that  a  determination  of  the  specific  gravity  of  the  vapor  of  acetic  acid 
made  at  a  hjmperature  below  240°  would  liave  given  loo  large  a  resulf,  and  one  which 
would  have  been  the  more  erroneous  as  the  temperature  was  lower.  An  error  of  the 
same  kind,  made  in  the  determination  of  the  spedfio  gravity  of  the  vapor  of  sulphur, 
introduced  an  anomaly  into  the  simple  law  of  equivalent  volumes  which  has  only 
recently  been  explained. 
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capacity  of  the  vessel  used.  The  method  may  be  best  explained 
by  an  example.  Suppose,  then,  that  we  wish  to  ascertain  the 
specific  gravity  of  alcohol  vapor. 


"We  take  a  light  glasi 
and  draw  the  neck  out 
fine  opening,  as  shown 


by 


lobe  having  a  capacity  of  from  300  to  500  e.m.°, 
the  flame  of  a  blast  lamp,  so  as  to  leave  only  a 
Fig.  ioS  at  a.  "VTe  then  weigh  the  globe,  which 
gives  us  the  weight  W  of  [214].  The 
second  step  is  to  ascertain  the  weight  of 
the  globe  filled  with  alcohol  vapor  at  a 
known  temperature  and  under  a  known 
prpssure  For  tliis  purpose,  we  introduce 
mfo  tho  globe  a  few  grammes  of  pure 
ilcohol,  and  mount  it  on  the  support  rep- 
itscnted  m  the  figure.  By  loosening  the 
sciow, »,  we  next  sink  the  balloon  beneath 
the  oil  contained  ia  the  iron  vessel,  V, 
ind  secure  it  in  this  position.  We  now 
'■Ion  ly  raise  the  temperature  of  the  oil  to 
between  SOO"  Mid  400°,  which  we  observe 

of  the  thermometer,  B.     The  alcohol  changes  to  vapor  and  drives 

out  the  air,  which,  with  the  excess  of  vapor,  escapes  at  a.  When  the  bath 
has  attained  the  requisite  temperature,  we  close  the  openitig  a  by  sud- 
denly melting  the  end  of  the  tube  at  «  by  means  of  a  mouth  blowpipe,  and 
as  nearly  as  possible  at  the  same  moment  observe  the  temperature  of  the 
bath  and  the  height  of  the  barometer.  We  have  now  the  globe  filled  with  al- 
cohol vapor  at  a  known  temperature  and  under  a  known  pressure.  Since 
it  is  hermetieally  sealed,  its  weight  cannot  cliange,  and  we  can  therefore 
allow  it  to  cool,  clean  it,  and  weigh  it  at  our  leisure.  This  ivill  give  us  the 
weight  of  the  globe  filled  with  alcohol  vapor  at  a  temperature  (  and  under 
a  pressures:  This  is  the  weight  r  of  [214].  We  also  notice  the  height 
of  the  barometer  ff'  and  the  temperature  of  the  balance-case  t'  during  this 
second  weighing,  and  when  we  have  measured  the  capacity  of  the  globe 
V,  we  can°easily  calculate  by  [215]  the  value  of  W".     Knowing  now 

y -ff-'  J_  11^",  the  weight  of  alcohol  vapor  wbicli  filled  the  globe  at  (" 

and  under  a  pressure  He  m.,  the  next  step  is  to  find  W',  the  weight  of  an 
equal  volume  of  wr  under  the  same  conditions  of  temperature  and  pressure. 
By  (241)  the  volume  of  the  globe  at  the  temperature  t  was  V(l  +  Kt), 
and  by  substituting  this  in  [216],  we  get  at  once,  since  ^  =  0, 

)r."  =  0.0012D32F(l+JC0   i^„(,-5jjr,  ■   i'        [21'0 
by  which  we  can  easily  detei-mine  the  weight  reiiuircd.     Tlic  last  step  is 
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to  find  the  capadty  of  the  globe,  which,  although  wo  have  supposed  it 
known,  is  not  actually  ascertained  experimentally  unfil  the  end  of  the 
process.  For  this  purpose  we  break  off  the  tip  of  the  tube  a  under  mer- 
cury, which,  if  the  esperiment  has  been  carefully  conducted,  rushes  in 
and  nils  the  glohe  completely.  We  then  empty  this  mercury  info  a  care- 
fully graduated  glass  cylinder,  and  read  off  the  volume.  We  have  now 
all  the  data  for  calculating  the  specific  giivitv  md  the  calculaldon  may  be 
conducted  precisely  as  on  page  073,  only  subatitutiiig  [217]  for  £216]. 

We  have  assumed  that  the  vapoi  expelled  all  the  air  from  the  globe, 
and  hence  that  the  globe  filled  completely  with  mercury  on  bre^intf  the 
tip  end  of  the  neck.  This,  however  is  r'veJy  the  ease ;  there  is  almost 
always  left  m  the  globe  a  bubble  ot  air  an!  sometimes  the  volume 
of  air  remaining  is  quite  considerable  In  "such  cases,  however,  we  may 
still  obtain  approximatively  accurate  i  es ult  it  is  only  necessary  (o  decant 
the  air  into  a  graduated  bell  over  a  pneumatii,  troUj,li,  and  measure  ex- 
actly its  volume,  v,  at  an  observed  temperature,  t",  and  under  a  pressure 
o£ff".  Its  weight,  Wi,  can  now  be  calculated  by  [215],  and  from  this 
weight  we  readily  deduce  the  weight  of  vapor  which  the  globe  contained 
at  the  moment  of  closing  its  orifice  ;  this  weight  of  vapor  was  evidently 
W—  W  +  W"  —  r,.  The  volume  which  the  small  amount  of  air  left  in 
the  globe  occupied  at  the  moment  of  closing  the  orifice  (that  is,  at  i° 
and  ^c.  m.)  can  also  be  calculated  fi-om  the  formula, 


,  _       1  + 0.00356  <  ff-', 

^  i-i-o.oosesc"  •    Jf~ 


[218.] 


which  can  readily  be  deduced  from  [98]  and  [184].  The  volume  of  the 
balloon  at  this  time  was,  as  we  have  seen,  V(l-{-Kl).  Hence  the  vol- 
ume of  the  vapor  must  have  been  V{l-\-Kt)  —  v'.  Substituting  this 
value  for  ^{1 4-^i)  in  [217],  we  get  for  the  weight  of  the  vapor  in  the 
globe  at  the  time  of  closing, 

W^  =  0.0012<}32  [V(l  4- ICt)  —  vn  ^         -  .   — "i      r219  1 

and  for  the  specific  gravity, 

The  results  which  are  thus  obtained  are  not,  however,  perfectly  trustwor- 
thy, and  it  is  always  best  to  avoid  these  corrections  by  so  conducting  the 
experiments  (hat  only  a  very  small  amount  of  air  at  most  shall  be  left  in 
the  globe.  This  end  is  secured  by  adapting  the  size  of  the  globe  to  the 
quantity  of  liquid  which  is  available  for  the  determination. 

In  calculating  the  specific  gravity  of  a  vapor  from  the  observed  data,  we 
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must  be  careful,  in  the  first  place,  to  reduce  all  the  barometric  heights  to 
0°  by  Table  XVIII.  In  the  second  place,  the  temperature  of  the  bath,  as 
indicated  by  the  mercury-thei-mometer,  must  be  corrected  for  the  part  not 
immersed  [156],  and  the  corrected  temperature  reduced  by  the  table  on 
page  439  to  the  true  temperature.  When  great  accuracy  is  required,  it  is 
best  to  measure  the  temperature  of  the  bath  directly  with  an  Mi-thermome- 
ter.  This  is  immersed  in  the  oil  at  the  side  of  the  globe,  and  the  orifices  of 
both  thermometer  and  globe  are  closed  at  the  same  time  (264).  In  com- 
puting the  results,  we  use  the  formula  [189],  and  without  actuaOy  calcu- 
lating the  temperature,  substitute  the  value  of  fioooseee  '"  ^217]- 

We  have  assumed  that  the  hath  iu  which  the  globe  is  heated  is  filled 
with  a  fixed  oil,  which  is  the  most  conveaient  liquid  if  the  temperatm* 
i-equired  does  not  exceed  250".  When  heated  above  this  temperature, 
the  fat  oils  emit  very  disagreeable  vapors  ;  and  for  temperatures  between 
250°  and  500°  it  is  necessary  to  fill  the  bath  with  some  easily  fusible 
alloy,  such  as  Kose's  metal  or  soft  solder.  The  pressure  exerted  by  the 
melted  metal  is  necessarily  very  great,  and  tends  to  deform  the  globe, 
so  tJiat  we  are  obliged  to  abandon  this  metiiod  of  experimenting  as 
soon  as  the  glass  begins  to  soften,  which  takes  place  a  little  above  500°. 
By  slightly  modifying  the  apparatus,  however,  Eegnault  has  been  able  to 
obtain  accurate  resulU  at  temperatures  as  high  as  GOO"  or  650".  His 
method,  which  is  only  used  for  substances  which  boil  at  a  very  high  tem- 
perature, is  as  follows. 

The  volatile  substance  is  introduced  into  the  cylindrical  reser^-oir  a!  V 
(Fig.  459)  of  the  tube  a'  rf,  which  is  made  of  the  most  infusible  glass,  and 
supported  in  an  iron  frame,  m  m' m",  at  the  side  of  a  similar  tube,  ah. 
This  last  tube,  which  may  be  closed  by  the  stopcodt  r,  serves  aa  an  air- 


thermometer.  The  two  tubes  are  heated  together  in  an  air-bath,  made,  as 
represented  in  Fig.  460,  of  two  or  three  concentric  cylinders  of  sheet^uwn 
enclosed  in  an  outer  cylindrical  case  of  cast-iron.  The  frame  Mm"  fits 
the  inner  cylinder/jfAi,  and  when  in  place  the  metallic  disk  m"  n"  just 
closes  its  mouth,/*,  leaving  the  ends  of  the  two  tubes  projecting  in  front 
of  the  bath.  This  apparatus  is  heated  in  a  horizontal  position  on  a  semi- 
cylindrical  grate,  and  so  arranged  that  it  can  be  surrounded  with  burning 
coals.  The  temperature  is  first  rapidly  raised ;  but  after  the  volatile  sub- 
sfanoe  has  distilled  over  and  the  excess  has  been  coUected  in  the  cold  por- 
tion of  the  tube  c'  d,  the  temperature  is  increased  very  slowly,  and  before 
57* 
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the  glass  softens,  the  process  is  arresfed  hy  closing  the  stopcock  of  the  air- 
thermometer  and  withdrawiDg  the  frame  with  its  two  tubes  from  the  bath. 
We  now  determine  the  temperature  to  which  the  tubes  were  heated,  by 


the  method  alrpady  described  in  detail  (2C5).  "We  next  ascei-tain  the 
weight  of  vapor  which  was  contained  in  the  reservoir  a'  V  at  the  moment 
of  withdrawing  the  tube  from  the  au'-bath.  For  this  purpose  we  remove 
the  excess  of  the  substance  which  condensed  in  the  part  of  the  tube  c'  d, 
and  then  weigh  the  whole  tube,  first  with  the  substance  it  contains,  and 
secondly  after  the  substance  has  been  removed.  The  difference  of  these 
weights  is  the  weight  of  the  vapor  which  filled  the  reservoir  a'  6*  c'  at  a 
known  temperature  and  pressure.  Lastly,  to  find  the  volume  of  the  res- 
ervoir, we  determine  the  weight  of  water  which  fills  it  at  a  known  temper- 
ature !  and  we  tben  have  all  the  data  for  calculating  the  specific  gravity 
of  the  vapor.  The  formute  already  given  may  be  easily  modified  for 
the  purpose.  If  the  substance  under  examination  absorbs  oxygen  at  a 
high  temperature,  it  is  best  to  fill  the  whole  tube  ol  d  with  nitrogen,  and 
to  adapt  with  a  cork  to  the  open  end  a  small  tube  drawn  to  a  point. 

The  use  of  the  air-thermometer  (which  involves  a  great  expenditure  of 
time)  in  the  determination  of  the  specific  gravity  of  vapors  of  substances 
which  boil  at  a  high  temperature,  is  avoided  in  another  modification  of  the 
general  method  proposed  by  DevUle  and  Troost.  They  use  a  glass  bal- 
loon, and  heat  it  in  an  atmosphere  of  vapor  rising  from  boiling  mercury  or 
sulphur.  The  temperature  of  these  vapors  is  so  constant,  that  it  is  not 
necessary  to  use  a  thermometer, — that  of  the  first  at  350°,  and  that  of  the 
second  at  440°.  For  still  higher  temperatures  they  use  a  balloon  of  porce- 
lain, which  is  heated  in  the  vapor  of  boihng  cadmium  (860°)  or  boiling 
zinc  (1040°) ;  but  for  the  details  of  the  apparatus  and  of  the  method,  we 
must  refer  to  the  original  papers.* 

Method  of  Gay-Jjussae.  —  The  method  of  determining  the  specific 
gravity  of  vapors  just  described  is  liable  to  one  very  serious  source 
of  error.  In  order  to  insure  that  all  the  air  will  be  expelled  from 
the  globe,  it  is  necessary  to  use  a  considerable  amount  of  liquid ;  and 
it  is  evident  that  any  impurity  which  this  liquid  may  cont^n  will  be 
left  behind  in  the  globe,  and  tend  to  falsify  the  weight.     This  source  of 

*  Comptes  Rcnaus,  Tom,  XLV.  p.  821  ;  also  Tom,  XLIX,  p.  239, 
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entirL'lj-  o\i>i,l,'d  by  a  mPthod  inTunteA  !iy  Guy-Lussac ;  buf 
li^ortunately  the  method  is  applicable  only  to  liquids  which  boil  at  a 


-O^ 


comparatively  low  temperature.  It  consists  i 
racy  the  Tolume  of  vapor  formed  by  a  Imown 
■weight  of  liquid.  The  liquid  is  first  enclosed  in 
a  very  thin  glass  bulb,  A,  Fig.  461,  which  is  her- 
metically sealed,  and  the  weight  of  the  liquid  is 
detemuned  by  weighing  the  bulb  both  before  and 
after  it  has  been  fiUed.  This  bulb  is  then  passed 
np  into  a  graduated  beU-glasa,  G,  filled  with  mer- 
cury, and  standing  in  an  iron  basin  also  partly 
filled  with  the  same  liquid.  Around  the  bell  is 
placed  a  glass  cylinder,  whose  lower  end,  resting 
in  the  mercury  cont^ned  in  the  basin,  is  com- 
pletely closed.  This  cylinder  is  filled  with  water, 
and  the  apparatus  thus  arranged  is  mounted  on 
a  charcoal  furnace.  The  gkss  bulb  is  soon 
brolien  by  the  expansion  of  the  liquid,  and 
when  the  temperature  is  Buflloiently  elevated  the 
liquid  changes  into  vapor,  which  depresses  the 
mercury-column.  The  heat  is  still  increased 
until  the  water  in  the  cylinder  boils,  when  the 
bubbles  of  vapor  rising  Hirough  the  liquid  estab- 
lish a  uniform  temperature  of  100°  throughout 
the  whole  mass.  We  then  observe  accurately  the 
volume  of  the  vapor  and  the  pressure  to  which  it  is 

exposed.  To  obtain  the  last^  we  subljact  from  the  he  "ht  of  tl  p  barometer 
^  tlie  difference  of  level  between  the  surface  of  the  mPrcury  a  the  has  n 
and  Ibat  in  the  bell.  This  difference  of  level  is  mea  r  1 1  y  a  cathetom 
eter  with  the  aid  of  the  levelling-screw  r.  Compare  (159)  W  th  these 
data  we  can  easily  calculate  the  specific  gravity.  "We  red  ce  fir  t  tl  e 
volume  of  the  vapor  to  0"  and  76  c  m.  by  [166]  a  d  [107]  a  d  we  tl  en 
calculate  the  specific  gravity  by  [55]  and  [68].  For  tl  c  different  i  e- 
cautions  required  in  this  process,  and  for  the  sli^l  t  var  t  on  req  red 
under  different  ciraimstances,  the  student  is  refened  to  Eegnailts  Ele 
ments  of  Chemistry,  American  edition,  VoL  H.  p.  408. 

(332.)  Volumes  of  Gases.  —  In  consequence  of  the  Tcry  small 
density  of  gases,  their  volumes  can  be  determined  mxtch  more 
accurately  by  measure  than  by  weight.  The  measurement  of  the 
volume  of  a  gas  is  effected  in  eudiometers,  or  graduated  tubes, 
Fig.  462,  -which  are  generally  about  2  c.  m.  in  diameter  and  from 
25  e,  m.  to  80  c.  m.  long.     These  tubes  are  frequently  graduated 
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into  cubic  centimetres,  but  it  is  more  accurate  to  divide  them 
into  millimetres  and  to  determine  afterwards  tlie  coiTCsponding 
■volumes  by  calibration.  The  grad\iation  is  easily  made,  with  the 
dividing  macliine  before   described,  on  a  thin  coating  of  wax 


Bpread  over  the  surface  of  the  tube,  and  the  divisions  aie  after- 
wards etclied  with  hydrofluoric  acid.  The  tube  is  then  calibrated 
by  pouring  into  it  repeatedly  the  same  measured  quantity  of 
mercury  tlirough  a  long  funnel,  and  after  each  addition  accu- 
rately noting  the  division  to  which  it  rises  in  tlie  tube.  From 
these  data  it  is  easy  to  calculate  the  volume  corresponding  to 
each  graduation  ;  and  a  table  is  then  prepared,  from  which  these 
volumes  can  be  subsequently  ascertained  by  inspection.  The 
measurements  of  gases  ai'e  best  performed  over  a  small  mercurial 
trough,  like  that  represented  in  Pig.  462,  which  was  contrived  by 
Bunsen,  and  is  admirably  adapted  to  the  purpose.  The  trough  has 
two  transparent  sides  of  plate-glass,  tlirough  which  the  level  of  the 
mercury  is  easily  observed.  The  eudiometer  is  first  filled  with 
mercury  by  means  of  a  long  funnel  reaching  to  the  bottom  of  the 
tube ;  and  after  closing  its  mouth,  it  is  inverted  and  placed  in  the 
position  represented  in  the  figure,  when  the  gas  can  readily  be 
introduced  from  the  collecting  tubes.  When  practicable,  a  drop 
of  water  is  brought  into  the  head  of  the  eudiometer  before  filling 
it  with  mercury,  so  Uiat  the  collected  gas  may  be  perfectly  satu- 
rated with  aqueous  vapor. 

E\'ery  determination  of  the  volume  of  gases  requires  the  fol- 
lowing four  primary  observations  :  — 
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1.  The  level  of  the  mercury  in  the  eudiometer. 

2.  The  level  of  the  mercury  in  the  trough  measured  on  the  etched 

divisions  of  the  eudiometer. 

3.  The  height  of  the  barometer. 

4.  The  temperature. 

The  eudiometer  is  first  brought  to  a  perpendicular  position  by 
means  of  a  plumb-line,  and  the  observations  are  then  made  by  the 
help  of  a  small  telescope  placed  at  a  distance  of  from  six  to  eleven 
feet.  The  axis  of  the  telescope  is  brought  to  a  horizontal  posi- 
tion, and  all  en-or  from  parallax  thus  avoided.  It  is  unneces^ 
sary  to  add,  that  the  heights  of  tlie  mercmy  columns  must  always 
be  read  off  at  the  highest  point  of  the  meniscus. 

The  observed  volumes  of  gas  are  reduced  by  calculation  to  the 
volumes  m  a  dry  state  at  0°  and  tmder  a  pressure  of  76  c.  m.  by 
means  of  the  equation 

*'   —   ''     (i_^  0.00366  i)  76 
which  is  easily  obtained  from  [107],  [184],  and  [203]._    The 
following  measurements,   by  Bunsen,  of  a  volume  of  air  sat- 
urated witli   aqueous  vapor,  may  servo  as   an  example  of  the 
calculation :  — ■ 
Temperatwre  of  the  ior,  SO^.a 

Lower  level  of  mercury,  56.59 

Upper     «  «  S1.73 

Difference  of  level,  24.86 

Reduced  height  k,,  24.78 


Height  of  barometer,  74.69 

Correction  for  temperature,  0.25 

Reduced  height  H^,  74.44 

Tension  of  vapor,  4  1-76 

H^-K  —  ^  i7.90 


The  division  317.3  corresponds  to  a  volume  by  table  of      202.7 

Correction  for  meniscus,      .         ■    "     ■         ■         ■         •      94 

The  corrected  volume  F', 203.1 


V, 

H,  —  K—^,       . 

(1  _(-  0.003660  by  Table  XI.,  . 

76, 

Keduced  volume  F^  172.01,  . 


;.  2.46701 


CO.  8.11919 
-.  2.23555 


For  the  practical  details  of  the  methods  connected  with  the 
manipulation  and  measurement  of  gases,  we  would  refer  tlie 
student  to  Professor  Bunsen's  work  on  Gasometry.  This  dis- 
tinguished experimentalist  has  very  greatly  improved  all  tliese 
processes,  and  has  given  them  an  accuracy  imsurpassed  by  any  of 
the  most  refined  metliods  of  chemical  investigation. 
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378.  A  glass  globe,  Iiaving  been  filled  at  0°  and  76  c.  m.  partly  with 
ail-  and  partly  wiiJi  water,  and  afterwards  sealed,  is  iieated  to  100°.  Ee- 
quired  tte  pressure  exerted  on  the  interior  surface  of  the  vessel,  provided 
that  there  is  an  excess  of  water  left  in  the  globe. 

379.  What  would  be  the  pressure,  if  ether  were  used  in  tie  last  ex- 
ample instead  of  water  ? 

580.  Into  a  vacuous  vessel,  whose  capacity  equals  2  03  httes,  there 
were  introduced  one  litre  of  dry  air  and  swacient  watei  to  leave  aiter 
evaporation  20  ciln.^  in  the  liquid  stite  Eequned  the  tension  of  the 
mixture  of  air  and  vapor  in  the  intenoi  of  the  vessel 

581.  A  given  quantity  of  dry  air  weighs  'i  2  grammes  at  0°  and  76 
c  m.  pressure.  "WTiat  would  be  its  volume  at  30°  and  77  c.  m.  pressure 
when  saturated  with  vapor  ? 

382.  "What  is  the  weight  of  a  cubic  metre  of  air  at  80°  and  77  c.  m. 
pressure  ?     The  relative  humidity  of  the  air  is  assumed  to  be  0.75. 

383.  The  volumes  of  air  given  in  the  table  below  were  measured  when 
saturated  with  vapor  at  the  temperatures  and  pressures  annexed.  It  is 
required  to  reduce  these  volumes  to  what  they  would  have  been  at  0°  and 
76  c.  m.  pressure,  had  the  gas  been  perfectly  dry. 

1.  250ar^.3    B"=75.6e.in.     (  =  15°.    14.    600  ;:"S:^    ^^  76.3c.m,  i  =    30". 

2.  120     "         77=2S.4    "        (  =  20°.       5,     725     "        H^    5.6    "       i=    20". 

3.  75     "         ff=    5.6    "        (=^10°.    16.    S40     "        ir=  78       "       (  =  -200. 

384.  The  volumes  of  air  given  in  the  following  fable  were  measured 
at  0°  and  76  c.  m.  pressure  when  perfectly  dry.  It  is  required  to  deter- 
mine what  would  have  been  the  volume  at  the  temperature  and  pressure 
annexed  were  the  gas  saturated  with  moisture. 

1.  aOOcr^s     H-75.4c.m.     (=    15°.  I    4.     75  r^.'     Jf=77,2c.m.  i=    -10°. 

2.  600    "        H=45.5    "        (=100°.       5.     60     "         ff  =  80.3    "      (=    -40O. 

3.  25    "        77=15.8    "        (  =  130°.  I    6.  140     "         7^=79,4    "      (  =  -100°. 

385.  In  the  following  problems  are  given,  first,  the  temperature  of  the 
atmosphere,  t"  \  secondly,  the  dew-poinf,  t'°.  It  is  required  to  determine 
in  each  case  the  relative  humidity  of  the  atmosphere  and  the  weight  of 
vapor  in  one  cubic  metre. 

1.  t  =  30°       ('  =  18°.     I     4.     (  =  30°      ('  =  28°.     [7.      (  =    0°        ('  =    4°, 

2.  (  =  20°       1' =  11°.  5.     (  =  25°      ('  =  20°.  8.      (^-6°        ('  =  10°. 

386.  In  the  following  problems  are  given,  first,  the  temperature  of  the 
dry -bulb  thermometer ;  secondly,  that  of  the  wet-bulb.  Required  in  each 
case  the  relative  humidity  of  tlie  air. 
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2.  (  =  20°        i'  =  120.  5.     (  =  15°     !'  =  12''.3.  8.     i  ==  6°       (' =    -8". 

3.  (  =  10°        i' ^    2°.     I    6.     (  =  12°     i'=    8°.        1     9.     1  =  20°     t'=-20°.S. 

387.  Assnmjng  tliat  the  air  is  four  fifths  saturated  with  aqueous  vapor 
at  the  temperature  of  20°,  how  much  water  would  fall  fi-om  each  cuhic 
metre  if  the  temperature  suddenly  fell  to  1 1"  ? 

388.  WLeii  the  temperature  of  the  au-  was  30°,  the  dew-point  was 
observed  to  be  at  28°  ;  the  temperature  of  the  au"  suddenly  fell  to  20°. 
How  much  rain  would  fall  on  a  square  kilometre  from  a  height  of  200 
metres,  assuming  that  the  atmosphere  were  of  uniform  density  and  hy- 
grometric  condition  throughout  the  whole  height  ? 

Sources  of  Meat. 

389.  How  much  wood  charcoal  must  be  burnt  in  order  to  evaporate  50 
kilogrammes  of  water,  assuming  that  the  water  is  already  at  the  boiling- 
point,  and  that  all  the  heat  evolved  is  economized  in  the  process  ? 

390.  How  much  alcohol  must  be  burnt  in  order  to  melt  5  kilogrammes 
of  sulphur,  assuming  that  the  sulphur  is  already  at  the  melting-point,  and 
that  the  heat  is  all  economized  ? 

391.  How  much  coke  would  be  required  to  raise  the  temperature  of 
the  wr  of  a  room  measuring  6  m.  X7m  X35  from  5°  to  25°,  assuming 
that  none  of  the  heat  evolved  was  lost ' 

392.  How  many  cubic  metres  of  iHuminitmg  gis  (marsh  gas)  must  be 
burnt  to  raise  the  temperature  of  40  Itilogiamm  s  of  water  from  0°  to 
100°?     How  much,  in  oi-der  to  comert  the  water  mto  steam? 

Conductwn  of  Heat 
893.  It  is  required  to  make  a  copper  boiler  by  which  100  kilogrammes 
of  water  may  be  evaporated  each  hour.  What  must  be  the  extent  of 
boiler  sm^ace,  assuming  that  the  thickness  of  the  copper  is  2  m.  m.,  and 
that  the  difference  of  temperature  between  the  two  surfaces  of  the  copper 
plate  is  100°  ? 

394,  K  the  boiler  were  made  of  iron  5  m,  m.  thick,  what  must  be  the 
extent  of  the  boiler  surface  ? 

WEICIIING   AND    MEASUEINO. 

Specifie  Gravity  of  Solids. 

395,  The  specific  gravity  of  zinc  was  found  to  be  7.1582  when  the 
temperature  of  the  water  was  15°.  "What  would  have  been  the  specific 
gravity  at  4°  ? 

396,  The  specific  gravity  of  antimony  was  found  to  be  6.681  when  the 
temperature  of  the  water  was  15°,  What  would  have  been  the  specific 
gravity  at  4°  ? 


db,  Google 


684  CHEMICAL  PHYSICS. 

397.  The  specific  gravity  of  aa  alloy  of  zinc  and  antimony  was  found 
from  the  following  data :  — 

Weight  of  the  alloy, ^-■"Oe  grammts. 

"  "      apedfic-gravlty  bottle,        .        .        .  9.01)60        " 

"       full  of  water  at  40,  19.0910 

"  "      botdo,  alloy,  and  water  at  140.6,        .  22,8035        " 

308,  l''jnd  the  specific  gravity  of  metallic   zine  from   the  following 

Weight  of  the  kLuc, 12.4145  j-ramiiiea. 

"       bottle, 8-0560 

"       fulUfwflterntlSO,      .         .         ■  19.0790 

"       ziiie  and  watn' aU2°.4,  .  29.7663 

Fdume  of  Solids. 

399.  Gold-Jeaf  is  made  aa  fhin  as  one  ten-tliousandth  of  a  millimcti-e. 
How  great  a  surface  could  be  covered  with  10  gramm,es  of  such  leaf? 

400.  A  cylinder  of  iron  weighing  21  kilogt-ammes  is  2,5  m.  high,  What 
is  its  diameter  ? 

401.  The  base  of  the  gi-and  pyramid  of  Egypt  measured  23.48  m.  on 
each  side ;  its  original  height  was  146.18  m.  Required  its  weight,  as- 
suming that  it  was  solid,  and  that  the  stone  of  which  it  is  constructed  has 
a  Sp.  Gr.  —  2.75. 

402.  Required  the  price  of  an  iron  pipe,  knowing  that  its  interior  di- 
ameter is  equal  to  0.254m.,  that  its  thickness  equals  0.014  m.  and  its 
length  21S.4m.  The  specific  gravity  of  cast-ii-on  is  7.207,  and  its  price 
4  cents  a  pound. 

403.  A  silver  wire  1.5  m.m,  in  diameter  weighs  3.2875  grammes.  It 
is  required  to  cover  it  with  a  coating  of  gold  0.4  m.  m.  in  thickness. 
What  wUl  he  the  weight  of  the  gold  ? 

Volume  of  Liquids. 

404.  What  is  the  volume  of  40  kilogrammes  of  mercury  at  100°  ?  If 
the  liquid  is  contained  in  a  cylindrical  vessel  6  c  m.  m  diameter,  how  high 
would  it  stand  above  the  horizontaJ  base  ? 

405.  A  glass  flask  with  a  narrow  neck  was  weighed  full  of  mei'cury  at 
the  temperature  of  10°,  and  found  to  weigh  560.234  grammes.  The  ilask 
itself  weighed  84.374  grammes.     Required  the  volume  of  the  flask. 

406.  Calcnlate  the  volume  at  0°  of  the  globe  employed  by  Eegnault  in 
determining  the  absolute  weight  of  one  litre  of  air  and  of  other  gases  irom 
the  following  data  (see  Fig.  454)  :  — 

Weight  of  the  glass  globe  at  4''.S  and  75.789  cm,,        .     .        -        ■    1,258.55  gram. 

aftcrha-vingbeenfilledwithwtttei-ntoo,  ,      ii,i26,05 
TenipBrature  of  fho  chamber  at  the  time  of  neighing,        .        ■         ■         J^° 
Height  of  the  barometer  at  the  same  time,      ....-■    76.177  c,  m. 
Ans.  y,881.06^-|;,.' 
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WEIGHING  AND  MBABtmiNG.  wOO 

Weight  of  Gases. 

407.  CtJculate  the  weight  of  one  litre  of  dry  mr  at  0"  and  76  c.  m. 
from  tlie  following  detennination  by  Eegnault  (339).  The  globe  used 
was  the  same  as  in  the  last  example. 

GliAefiill  of  Air  and  surrounded  ly  Ice. 
Height  of  barometsr  at  the  time  of  closing  the  stopcock,        .        .        .    76.1 1 9  c.  m. 
Weight  addecl  to  globe  to  equipoise  it  in  balance  (¥lg,  258),      .        .  l.*87  gram. 

GJoie  exhaiialed  of  Air  and  sarro>imIed  hj  Ice. 
Tension  of  air  remaining  in  globe  as  indicated  by  tiie  manometer  at 

the  moment  of  closing  fiie  stopcock, 0.8+3  e.  m. 

Weight  required  for  equipoise 14,141  gram, 

Ans.  12.7744  gi-am. 

408.  Calculate  the  weight  of  one  litre  each  of  hytli-ogen  and  carbonic 
acid  at  0°  and  76  c.  m.  from  the  following  determinations  of  Eegnault, 
The  data  are  given  in  tlie  same  ordei-  as  in  the  last  problem. 

Ilijdrogen.  Carbonic  Acid. 

Globe  full  of  gas.    Ho    =76.616    cm.         Globe  full  of  gas,  jffo    =76.304    cm. 

»F'  =  13-301    gcam.  W=    0.6335  gram. 

Globe  cshauswd,     h     =    0.340    c.  ni.         Globe  exhausted,   h    =    0.157    cm. 

TF"  =  14,1785  gram.  jr"=20.211    gram. 

Ans.  0.88591  gram.  Ans.  19.5397  gram. 

409.  Eeduce  the  weights  obtained  from  the  last  two  problems  to  the 
latitude  of  45°  and  the  sea-level.     See  page  670. 

410.  Keduce  the  weights  to  what  they  would  be  at  Quito.  Latitude, 
0°  13'.5.     Elevation  above  sea-level,  2,908  metres. 

411.  In  the  following  table  are  ^ven,  first,  the  volume  of  the  gas ; 
secondly,  the  pressure  to  which  it  is  exposed ;  thirdly,  it*!  temperature. 
Assuming  that  the  gas  ia  saturated  witJi  vapor  of  water,  it  is  required  to 

calculate  the  weight  in  each  ease. 

°  T.  u.  t. 

Air 245c"nil:' 

Hydr(^n, 564  "  64.32     "  12°. 

Carbonic  Add, 202  "  " 

Chlorine 50  " 

Protoxide  of  Nih-ogen,        .        .        .  465  " 

Alcohol  Vapor,    ....  1,500    " 

Ether  Vapor, 250    "  75.20    "        100°. 

412.  A  glass  globe  weighed,  when  open  to  the  air,  225.1 69  grammes ; 
filled  wili  water  at  the  temperature  of  0°,  it  weighed  785.169  grammes. 
Required  the  weight  of  air  which  the  globe  would  contain  at  300°  and 
under  a  pressure  of  77  c.  m. 

413.  What  is  the  weight  of  one  cubic  metre  of  aqueous  vapor  at  its. 
maximum  tension  at  the  following  temperatures  :  10°,  15°,  120°,  200°, 
and  250°? 
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411.  What  is  the  weight  of  the  vapor  contained  in  one  cubic  metre  of 
the  atmosphere  imder  the  conditions  givea  in  problem  38  j  ? 

Specijio  Gravity  of  Gases  and  Vc^ots. 

415.  Calculate  the  specific  grayily  of  hydrogen  and  carbonic  acid  at 
0°  from  the  data  ^yen  in  problems  407,  408,  and  409. 

416.  Ascertain  the  specific  gravity  of  alcohol  vapor  from  the  following 

Weight  of  glass  globe,  W, 60.8039  grammes. 

Heiglit  of  barometer,  H', 74.754    c.  m. 

Temperatnre,  (', 18°. 

Weight  of  globe  and  vapor,  W,  ....  50.8;i45  griimmcs. 

Height  of  barometer,  H, 74,764    c.  m. 

Temperatnre,  t, Ifi^".      

Tolnme,  V, 351.5       cm, 

417.  Ascertain  the  specific  gravity  of  camphor  vapor  from  the  follow- 
ing data  :  — 

Weight  of  glass  globe,  W, 50.1342  grammes. 

Height  of  haromeler,  H', 74.2       c.  m. 

Temperatare,  t', 13°,5. 

Wdght  of  globe  and  vapor,  W,        .        .        .        .  50.8422  grammes. 

Height  of  baromelcr,  B; 74.2       e.  m. 

Temperature,  (, 244". 

Volume,  Y, 295        ^T^P 

Volume  of  Gases. 

418.  A  volume  of  air  saturated  with  moisture  gave  the  following  meas- 
urements.    Reduce  to  the  standard  temperature  and  pressure. 

Level  of  mercury  in  pneumalie  taiugh,        ....    52.34  c  m. 

eudiometer, 24.25     " 

Volume  corresponding  to  24.25  division,     ....    350    e.m.' 

Temperature  of  the  air,    .......        1 5°.*- 

Height  of  barometer, 76.54  c.  m. 

419.  A  volume  of  air  saturated  with  moisture  at  S°.l  and  57.69  c,  m. 
pressure,  was  found  to  measure  368.9  STi^.".  After  absorbing  the  oxygen 
with  a  paper  ball  moistened  with  pyrogallate  of  potash,  and  drying  the 
residual  gas  with  a  ball  of  caustic  potash,  it  was  found  to  measure  313.8 
il^,  the  temperature  being  3°.!  and  the  pressure  53.58  c  m.  Eequired 
the  percentage  composition  of  the  gas. 

420.  A  volume  of  gas  (choke-damp),  measured  moist  at  13.°5  and 
62.40  pressure,  was  found  to  be  171.2  rm.^-  After  absorbing  the  car- 
bonic acid  -ivith  a  ball  of  caustic  potash  and  drying  the  gas,  it  was  found 
to  measure  167.3  ^7^*,  the  temperature  being  13.5°  and  the  pressure 
61.96  c.  m.  Finally,  after  absorbing  the  oxygen  with  pyrogallate  of  pot- 
ash, and  drying,  the  gas  was  found  to  measure,  at  13°. 9  and  60.58  c.  m. 
pressure,  147  t^^.^-     Itcquii-ed  the  percentage  composition  of  the  gas. 
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MEASURES    AND    WEIGHTS. 

ENGLISH    MEASURES. 

Measures  of  Lengtii. 

TnB  inch  is  the  smaUest  lineal  integer  now  used.     For  mechanical 

purposes  it  is  divided  either  diiodecimally  or  by  continual  bisection  ;  hut 

for  scientific  purposes  it  is  most  convenient  to  divide  it  decimally.     The 

larger  units  are  thus  related  to  it :  — 

Mile  Fori™gs.Ch«iM.    Rods.      YM,<mB.         Yards.  E«t.  Links.  India. 

1  =  8  =  80  =  320  =  880   =1760  -5280   =8000  =63360 
1  =  10  =  40  =  no   =  220  =  660   =1000  =  7920 


.000125=.00t-=.01=.0.1=     .11=       .22— 
Measures  of  Surfai 


3  ^  4ii=  36 
1  =  m=  13 
0.6G=   1  =    7.92 


4840  =  43,560 
1210  =  10,865 
484  =   4,356 


Measures  of  Volume. 
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Impennl  Measure. 

The  Imperial  Standard  Gallon  contains  ten  pounds  avoirdupois  weight 
of  distilled  water,  weighed  in  an  at  62°  Fahr.  and  30  in.  Baroni.,  or  12 
pounds,  1  ounce,  16  pennyweights,  and  IG  grains  Ti-oy,  =^  70,000  grains' 
weight  of  distilled  water.  A  cubic  inch  of  distilled  water  weighs 
252.458  grains,  and  the  imperial  gallon  contains  277,274  cubic  inches. 

Bistillei  Water. 


Orains.  Ayoic.  lb.       Cnbii]  Inohes.  Pint.        Quait.       Cs 

8,750  =      1.25=        34.659  ==      1 
17,600  =      2.0  =        69.318  =2=1 
70,000  =    10      =      277.274  =      8  =      4  = 
140,000=    20      =      554.548=    16=      8  = 
560,000  =    80      =  2,218.192  =    6i  =    32  = 
4,480,000  =  640      =17,745.536  =  512  =  256  =  6 


Apoilieca 


('  Measure. 


The  gallon  of  the  former  wine  measure  and  of  the  present  Apotheca- 
ries' measure  contains  58,333.31  grains'  weight  of  disiiUed  water,  or  231 
cuhic  inches,  the  ratio  to  tlie  imperial  gallon  being  nearly  as  5  to  6,  or  as 
0.8331  to  1. 

QtHo-D.         Pinla.  Ounces.  DntcLms.  MlnlmE.  Gr.  of  Dlst.  Wst.    Cub.  Inoh. 

1  =  8  =  128  =  1024  =  61,440  =  58,333.31  =  231 
1  =   16  =   128  =   7,680  =   7,291.66  =  28.8 


§  1 


=          8     =^ 

480    = 

455.72  = 

31     = 

60    = 

56.96  = 

ENGLISH    ■WEIGHTS. 

Avoirdupois  Weight. 

=          2oG 

= 

7000 

=,           10 

^ 

437.5 

1 

= 

27.34375 

0.2 


'  IVoij  Weight. 


=       96       -=       288 

=         8       =         24 

1        =-  3 
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FIlENCn    MEASURES. 


Mmsures 

/Length. 

1  Kilometre 
1  Hectometre 
1  Decametre 
1  Metre 

=     1000  Metres. 
=       100       " 
-.         10       " 

=       1     " 

1    Metro               = 
1  Decimetre      = 
]    Centimetre      = 
1  ilillimetre      = 

1.000  Metre. 
0.100       " 
0.010       " 
0.001       " 

I  Kilometre 

1  Meti-e 

1   Centimetre 

=         O.G214Mile.             9.793  3712 
=         8.2800  Feet.             0.515  9930 
=         0.S937  Inch.              9.595 1742 

Ar.  Co.  Log, 

0.20C  6188 
9.484  0070 
0.404  8258 

Measures  of  Vohimc. 

1  Cubic  Metre  =         1000.000  Litres. 

1  Cubic  Decimetre      —  1.000      " 

1  Cubic  Centimetre    =  0.001      " 

liDgarEthms.  At.  Oa.  Lc^ 

1  Cubic  Mefxe  =  35.31660  Cubic  Feet.  1.547  9790  8.452  0210 

I  Cabic  Decimetre  =  61.02709  Cubic  luclies.  1.785  5226  8.214  4774 

1  Cubic  Centimetre  =    0.06103      "  «  8.785  5226  1.214  4774 

1  Litre  =    0.22017  Gallon.  9.342  7581  0.657  2419 

1  Litre  =    0.88066  Quart.  9.944  8083  0.0551917 

1  Litre  =    1.7G133  Pints.  0.245  8407  9.7541593 


ERRNCH  WEIfillTS. 


1  Kilogramme  =1000  Gran 
1  Hectogramme^  100  " 
1  Decagramme  ;=  10  " 
1  Gramme  =       1         " 


1  Gramme         =  1.000  Gramme. 
1  Decigramme  =  0.100        " 
1  Centigramme  =0.010        " 
1  Milligramme  =  0.001        " 

T.  Co.  Log. 


1  Kilogramme 
1  Gramme 


D^Brlthms. 

2.G7951  rounds  (Troy).     0.428  0554     9.571  9446 
15.44242  Grains.  1.188  7154     8.811  2845 


TABLE  BOB  THE  EEDTTCTION  OF  THE  BAROMETRIC   SCALE. 
75  c.- 


8mch.=  71.1187c.m 
9    «     =73.6587    " 

0  "     =76.1986    " 

1  »     =78.7386    " 


71  cm.  =  27.953  inch. 

72  "    =28.347 

73  «    =28.741 

74  "    =29.134 


1  inch  —  2.539954  cm 


I 


1  c 


,528  inch. 

76  "    =29.922    " 

77  "    =30.315    " 

78  "    =  30.709    « 
=3  0.3937  inch. 
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TABLES. 

LOGARITHMS 
THE    MOST    COMMON   WEIGHTS    AND 

Measures  of  Length, 


Me.«, 

ParMan  Foot, 

A...*.,-, 

Pmaalm  L'oot. 

English  POOH. 

e. 

0.488  3313 

0.500  1723 

0.503  2730 

0.515  9929 

0.511  66S7-1 

0. 

0.011  8410 

0.014  9417 

0.027  6616 

0.499  8277-1 

0.988  1590-1 

0. 

0.003  1007 

0.015  8206 

0.496  7270-1 

0.985  0583-1 

0.996  8993-1 

0. 

0.012  7199 

0.4S4  0071-1 

0.972  3384-1 

0.984  1794-1 

0.987  2S01-1 

0. 

Measwes  of  Surfam 


aqnare  Mctte. 

PaiTjtanSs.Poot. 

ABBtTian  Sq.  root. 

Pmsslan  Sg.  Foot. 

English  Sq.  Foot. 

0. 

0.023  8375-1 
0.999  6555-2 
0.993  4540-2 
0.968  0143-2 

0.976  6625 

0. 

0.976  SI 30-1 
0.970  1166-1 
0.941  6768-1 

1. 000  3445 
0.023  6820 

0. 

0.993  7986-1 
0.968  3588-1 

1,006  5459 
0.029  8834 
0.006  2014 

0. 

0.974  5602-1 

1.031  9857 
0.055  3232 
0.031  6412 
0.025  4398 

0. 

Measures  of  Volume. 


Cnblo  Mstre. 

Pad...  cab.  Foot. 

Au^t^nOnb.F™. 

Piusd™  Cub  Foot. 

English  Cub.  Foot. 

0. 

0.535  0062-2 
0.499  48S2-2 
0.490  1810-2 
0.452  0214-2 

0. 

0.964  4770-1 
0.955  1749-1 
0,917  0152-1 

1.500  5163 
0,035  5230 

0. 
0.990  6979-1 
0.952  53S2-1 

1.509  8189 
0.044  8251 
0.009  3021 

0. 

0.961  8403-1 

0,547  9786 
0.082  9848 
0.047  4618 
0.038  1597 

0. 

Weights. 


Kilc^tamme, 

Auattian  Ponna. 

PmBaiin  Pouna. 

Bng.  Tfoy  Pound. 

Bng!iBh  Pound 
AYoittlopoiB. 

0. 

0.748  1973-1 
0,669  9776-1 
0,571  9792-1 
0.656  6547-1 

0.251  8027 

0, 

0.921  7803-1 
0,823  78IB-1 
0,908  4574-1 

0.330  0224 
0.079  2197 

0. 

0.902  0016-1 
0.996  6771-1 

0.428  0208 
0,176  2192 
0,097  9984 

0. 

0.084  6756 

0,343  34S3 
O.091  5426 
0.013  3229 
0.915  3244-1 

db,  Google 


TABLE     II. 

SPECIFIC  GRAVITY  AND   ABSOLUTE  WEIGHT   OF  OSB  LITRE  OS 

SOME  OF   THE  MOST   IMPORTANT  GASES  AND   VAPORS. 

CALCUIJ.TIi;D    FOU  TIIE   LATITUDE   OF   WASHINGTON. 


N^ofOa^. 

1 

7 

Sp.  <Sr. 

omput^'i. 

VelgbtoC                      1      j^j  Co. 

Air, 

Alcohol,          .         -         . 

Antimony,     .        .        . 

J 

1.00000 

1.39206 

0.111282    9.8887181 

1.613 

1.58988 

2.05357 

0.313510 

9.687490 

4 

0.5967 

0.58738 

0.75893 

9.880201 

0.119799 

6.90823 

1.84640 

1.339390 

8.660620 

1 

0.66 

4.33072 
0.36563 

5.59654 
3.39285 

0.747843 
1.126873 

9.252168 
8.873127 

Avsenida  of  hydrogen, 
Boron,   .... 
Bromino,  .... 
Bromohydrio  -ddd. 
Carbon,     .... 
Carbonic  add,       . 

2.095 

2.69504 

3.48215 

0.541947 

9.468153 

1.50646 

1.94643 

0.289238 

9.710762 

3 

S.54 

S.52827 

7.14285 

0.853872 

9.146128 

O.S469* 

2.79870 
0.82924 

3.61607 
1.07143 

0.558237 

9.441768 
9.970037 

2 

1,62908 

1.52131 

1.96433 

0.293216 

9.706785 

OmlKinie  oxide. 

2 

0.9S779 

0.96745 

1.25000 

0.096910 

9.903090 

ClJorine, 

2 

2.47 

2.45317 

3.16964 

0.601010 

9.498990 

Chloride  of  boron,    . 

3.942 

4.05636 

5.24107 

0.719420 

9.280580 

Chloride  of  flilicon. 

3 

5.939 

5.87380 

7.58928 

0.880201 

9.119799 

Cyanc^en,     . 
Cyanohydric  acid,     . 
Ether,    .        .        .        - 

1.2474 

1.26114 

1.62947 

0.212045 

9.787956 

1.S064 

1.79669 

2.32143 

0.365755 

9.884246 

4 

0.9476 

0.93290 

1.20536 

0.081116 

9.918984 

2.586 

2.55689 

3.30365 

0.519994 

9.481006 

Fluorine,   .        .        -        ■ 
Fluoride  of  boron, 

1.B1297 

1.69643 

0.229586 

9.770464 

4 

2.3V24 

2.34608 

3.03127 

0.481626 

9.518376 

Fluoride  of  silicon,   . 

3.600 

3.5933B 

4.64287 

0.S66786 

9.333214 

Flaohydrio  acid,    . 

4 

0.69104 

0.89286 

9.960782 

0.049218 

Hydrogen, 

2 

0.06936 

0.06910 

0.08929 

8.950782 

1.049218 

Iodine,  .       .       .       ■ 

2 

S.716 

8.77614 

1.054596 

8.945414 

lodohydric  acid. 

4 

4.443 

4.42262 

6.71429 

0.766962 

9.243088 

Marsh  gas,     . 

4 

0.55T6 

0.55283 

0,71429 

9.853872 

0.146128 

Mercury,   .        .        .        ■ 

2 

6.976 

6.91085 

8.92868 

0.950782 

9.04921S 

Nitrogen,       .        .        ■ 
Nitrous  oxide,  . 

2 

0.97137 

0.96T4S 

1.25000 

0-096910 

9.903090 

1.5-269 

1.52028 

1.96429 

0.293205 

9.70B795 

Nitrie  oxide, 

4 

1.0389 

1.03655 

1.33928 

0.12687S 

9.873137 

defiant  gas,      . 

4 

0.9852 

0.96745 

1.25000 

0.096910 

9.90309O 

Olygen 
Ph    [I     n 

1 

1.10566 

1.10566 

1.42857 

0.154902 

9.845098 

4.42 

4.28442 

5.5357 

0.743174 

9.256826 

PI  0  phid     f  hydrogen, 

4 

1.178 

1.17476 

1.51786 

0.181231 

9.818769 

S  1  n  ura 
S  hcon 

7.1428 

0.853872 

9.146128 

1 

2.90235 

3.7300 

0.574031 

9.423969 

Sulphur             .        .        ■ 
Snlph  I   of  h  driven,  . 
Snlphnrous  acid,       . 
"Water,   .         .         .         - 

1 

2.2 

2.21132 

2.8571 

0.455932 

9.644068 

2 

1.1912 

1.17476 

1.5178 

0.191231 

9.818769 

2 

2.247 

2.2113 

3.8571 

0.456932 

9.544068 

3 

0.6235 

0.6219 

0.80357'  9.905025  1  0.094975 

db,  Google 


TABLE    III. 

SPECIEIO   GBAVITIES   OF  GASES  AT  0=0.;    BAEOMETEJJ,  :6  c. 


Osygen, 

1.106 

Hjtiragen, 

0.069 

Matsligas, 

0.SS5 

Methylc, 

defiant  gas 

0.978 

BIcarbido  of   bydrogcn   of   Fm-a- 

day 

1.920 

Phosphide  of  hydrogen, 

1.214 

Ai^enide  of  hydrogen. 

2.695 

Chlorine 

2.170 

Oxide  of  chlorine,  or  hypochlork 

Hypoehlorous  (uad  of  Balard,     . 

NiBx^en, 

0.972 

Protoado  of  nitrogen, 

1.520 

Deatoxide  of  nitiogen,   . 

1.0388 

Cyanc^en,          .... 

1.806 

ChJoride  of  cyanogen,    . 

Ammonia, 

0.396 

Oxide  of  carbon,    .... 

0.957 

1,529 

Chloro-oarbonic  add. 

2.234 

Acid,  chlorohydric,     . 

1.247 

bromohydric, .... 

iodohydric, 

4.. 143 

1.191 

selenohydrio, 

tellurohydric. 

fluoboraoie. 

2.371 

fluoBilieic,       .... 

3.573 

3.420 

Monohydrate  of  methyle. 

1.617 

Chlorohjdrate  of  methyle, 

1.731 

Elnohjdvato  of  methyle. 

1.186 

1.601 
1.73T 
1.170 


Thomson. 
111.  de  Saus 


Dumas  and  Bousein- 
Colio.  [gauU. 

Berard. 
Guy-LuEsae. 

Biot  and  Arago. 
Cmikshanek. 
Dumas  and  Boussin- 
[gault. 
Thcnard. 
Biot  and  Aragi 

Gay-Lussac. 
Gay-Lussac  &  The- 
Bineau.  [natd. 


Dnmas. 

Dumas  and  Peligot. 


db,  Google 


TABLE     IV. 


SpectSc 

Speoiflc 

Kames. 

Gratitj  by 
ObsetroUon. 

Gre,TiWb7 
CalcalaUon. 

Observers. 

Air,                         .... 

1.000 

Biomme                .... 

6 

540 

5.390 

Mitscherlieb. 

lOdlDC                            .... 

8 

716 

8.700 

Dumaa. 

Sulphu,               .... 

6 

617 

6.650 

" 

Pho=p!ionis,            .... 

4 

420 

4.320 

Arsems              .... 

10 

GOO 

10.360 

Milscheriich. 

Mercury,                 .... 

6 

976 

6.970 

Dumas. 

Add.  arsemoas,  .... 

13 

850 

13.300 

Mitscherlich. 

3 

000 

2.760 

Eelonioiis,    .... 

4 

030 

hyponitroua 

I 

720 

nitric  tetrahjilratcd,    . 

I 

270 

Bineau. 

Yellow  chloride  of  sulphur,    .        . 

700 

4.650 

Dumas. 

Red  chloride  of  sulphur,     .        . 

3 

700 

Protoehloride  of  phosphoiua, 

4 

870 

4.790 

Chloride  of  ftreenic,    . 

G 

300 

6.250 

Iodide  of  arsenic,  .       .       .       - 

16 

100 

13.640 

Mitschorlich. 

8 

350 

8.200 

g 

800 

9.420 

10 

140 

9.670 

Deutobromide  of  mercury,      . 

12 

160 

12.370 

15 

600 

15.680 

Sulphide  of  raercnry  (cinuabar),    . 

5 

500 

5.400 

Protochloride  of  ananiony. 

7 

800 

Protoohloride  of  bismulh. 

11 

100 

10.990 

Jacquelain. 

Peroxichloride  of  chromium, 

\l 

520  ) 
900) 

5.BO0 

Bineau  and  Walter. 

Bichloride  of  tin,   .... 

199 

8.990 

Dumas. 

Solid  ctiioride  of  cyanogen, 

e 

330 

Bineau. 

Eromtde  of  cyanogen,    . 

3 

610 

" 

Chloride  of  silicon,     . 

6 

989 

5.959 

Dumas. 

Camphor, 

6 

463 

5.314 

" 

4 

763 

4.765 

Benzine 

2 

770 

2.730 

Mitscherlieb. 

HaphthaUoe,       .... 

4 

538 

4.492 

Dumas. 

Chloride  of  elaylo,          ,        .        . 

g 

443 

3.4B0 

Ga;-Lussac 

Sulphide  of  carbon,    .        .        , 

2 

644 

" 

Alcohol, 

1 

6133 

1.601 

« 

Ether, 

2 

586 

2.583 

acetic, 

s 

067 

3.066 

Dumas  &  Eonllay. 

oxalic,         .... 

1 

087 

5.081 

" 

benzoic, 

5 

409 

5.240 

d  by  Google 


SpMiSo 

Bpecim 

Samffl. 

Qn.vtty  by 

Qrayity  by 
CalculuUon. 

Obaetveta. 

MethjILc  alcohol,    .... 

1-120 

1.110 

Diimaa  and  Peligot. 

Sulphate  of  metl.jle,  . 

4 

565 

4.370 

"               " 

Acetate  of  methyle, 

3 

B63 

2.570 

Fusel  oil,     .        .        . 

a.070 

Dumas. 

Acetone, 

2 

019 

2-020 

2 

326 

2.160 

Bimscn- 

Aldehyde,       . 

1 

532 

1.530 

Liebig. 

Oil  of  bitter  almonds, 

3  708 

WohleiaiidLiebig. 

Hjdrnret  of  salicyle. 

4 

270 

4  260 

Pum 

Oil  of  cinnamon,         . 

4B20 

Dumas  and  Peligot. 

Oil  of  cumin, 

5 

200 

5  100 

Geihardt  and    Ca- 

Acid,  act  tii'. 

2 

770 

2  780 

Bumas            [hours. 

benzoic, 

a 

370 

4  360 

valerianic. 

3 

680 

3^50 

Dnmas  and  Stas, 

oyanohTdno, 

0 

947 

0  936 

QivLuasac. 

Kakodyle, 

7 

7 'SO 

BuuBcn 

OMda  of  kakodylo, 

7 

350 

7  6-0 

Cjanurctof  kakodjie. 

4 

630 

4  510 

Chloride  of  kakodylc. 

4 

560 

laoo 

Water,        .... 

0 

6235 

0  634 

Gar  Lu  sac. 

TABLE    y. 

SPECIFIC   GRAVITY  OF  LIQUIDS  AT  a 


^ 

Sp.  GrttTtfy. 

,.„ 

Sp.CraYity. 

Water,  distilled,      . 

l.OOO 

Ether,    .... 

0.715 

Bromine,     .        .        . 

2.966 

0.874 

Mercurj-  at  0°  C.,  . 

13.6<)6 

acetic,  . 

0.868 

Acid,  sulpbario,  most  con- 

MethyUe alcohol,       . 

0.798 

centrated,   . 

1.841 

Puseloll,      . 

0.818 

hypoaulphurie,    . 

1.347 

Acetone,    . 

0.792 

nitric  fnming. 

1.451 

Mercaptan,    . 

0.840 

1.420 

Oil  of  tnrpontino,       . 

0.969 

nitcie  of  commerce, 

1.320 

of  cin-ou. 

0.847 

hjponitrio,      . 

1.451 

Aldehyde, . 

0.790 

Oil  of  bitter  almonds. 

1-043 

trated  bquia,      , 

1.208 

—  ofspiriea, 

1.173 

acetic  monohydrated, 

1.063 

acetic,  greatest  duusity. 

1.079 

of  cinnamon,  . 

1.010 

oleic,       .        .        . 

Sea-miter, 

1.026 

cyanoliydric. 

0.696 

Milk,    .... 

1.030 

Sulphide  of  carbon, 

Wine  of  Bordeaux,  . 

0.994 

Protochlorido  of  sulphur, 

1.680 

of  Bni^undy,      . 

0.99) 

Alcohol,  absolute,   . 

0.792 

Olive-oil,   .        .        - 

0.915 

greatest    density 

Naphtha,       .        .        . 

0.8.17 

(hyrl.ofliudbt^rg), 

0-927 

db,  Google 


TABLES. 


TABLE 

SPECIFIC  GRAVITY  OF 
1.  Simple  B 


VI. 
SOLIDS  AT  A 


bulphur  .        .        .        , 

Selcumm 

Phoapliom  .        .        ,        . 

Arsenic 

_    ,        C  Diaraoniis,   . 
Caiboii  { 

fGiaphlW, 

Potassium, 

Sodium, 

Manganese,  .        .        ,        . 

Stoel,  not  hammoix'd. 

Cadmium,  hammci'cd, 

Tin, 

Cobalt,  cast,    .... 
Nickel,  cast,         .... 

foiled, 

Moljbaennm,      .        .        .        . 
Tungsten,        .... 

Chromium, 

Antimony,       .... 

Titanium 

ToUarium,       .... 

Bismuth,         .... 
leaa,  cost, 

rolled  or  forged. 

Mercury  at  0°, 

OsDiinm, 

Iridium  (cast  by  olecti'ic  battery), 
Palladium, 

Khodium 

Gold,  forged,        .        .        .        . 

Platinum, 

__ 


Gay-Lussac. 
Leroycr  &  Dur 


Hersipatli. 
Leroycr  &  Dumas. 


Gay-Lus.  and  Then, 


db,  Google 


2.  Binary  Confounds. 


f  Quartz  hjalin,, 
Acid,  silicic,  )  Agato,  . 

t  Opal  (siL  hjd.), 
hydrated  borncic  (eassoline), 

Chloride  of  calcium,  . 
Fluoride  of  calcium  {flu 
Chloride  of  barium,  . 
Chloride  of  potassium. 
Iodide  of  potasEium,  . 
Chloride  of  sodium. 
Chloride  of  ammonium 

/  Cornndum,  sappli 
Alumina,  )     ental  ruby, 

(  EmeiT, 
Acid,  arsoniouE, 
Protoxida  of  antoony. 
Sulphide  of  antimony. 
Oxide  of  silver,    . 
Sulphide  of  silver,   . 
Oiloride  of  silver, 
Iodide  of  silver, 
Beutoxide  of  mercuiy, 
Pnitoehloride  of  mercury. 
Bichloride  of  mercury, 
Deutoiodido  of  memury, 
Protoiodide  of  mercmy. 
Bisulphide  of  mercury. 
Oxide  of  bismuth. 
Sulphide  of  bismuth, 
Sulphide  of  anolybdcnum 
TungBtic  neid, 
Protoxide  of  copper,    , 
Deutoxido  of  copper, 
Protosulphide  of  coppci, 
DeuWxideof  tin,     . 
Protosulphide  of  tin,    . 
Bisulphide  of  fin,    . 
Protoxide  of  lead  (cast), 
Peroxide  of  lead,     . 
Iodide  of  lead, 
Selenideof  lead. 
Sulphide  of  load  (Galena 
Oxide  of  Kioc,  . 
SulpMde  of  ainc  (blonde) 


Boulhiy. 
Wenzei. 
Boullay. 


3.900 

M. 

n.70o 

Lerovcr 

5.778 

Boulky. 

4.334 

M. 

7.250 

Botillay 

7.200 

M. 

5.54S 

Bonllay. 

5.614 

•' 

1.000 

'■ 

db,  Google 


BamoB. 

Bpectflc  Gravilj, 

Peroxide  of  iron, 

5.225 

Boullay, 

Mi^netic  oxide  of  iron. 

B.400 

" 

Bisuipiiide    of    iron 

Sulpliides  of  iron, 

(pyfitesi,  .        . 
Do.  (white  pyritCB), . 

B.OOO 
4.840 

M, 

Magnetic  pjntes,. 

4.810 

Eed  oxide  of  manganesE, 

4.722 

Protosulphida  of  manganese, 

3.950 

Peroxide  of  Itanium  [rutile), 

4.250 

3. 

Simple 

SaUi>. 

N.»e. 

Speelfis  Gravity- 

<"-"-'■ 

i  Iceland  Spfti-, 

2.723 

Malus. 

CarbonateofLime,]^^g^^.^^ 

2.946 

Thenaid. 

Carbonate  of  magnesia  (pobectite), 

2.880 

M. 

Cnrbonato  of  iron  (iron  spar),      . 

.1.830 

M. 

Caibonato  of  manganese, 

3.550 

M. 

Carbonate  of  zinc, 

4.500 

M. 

Cavlionate  of  barjws. 

4.300 

M. 

Carbonate  of  strontia. 

3.650 

M. 

Carbonate  of  load  (white  load). 

6.730 

M. 

Snlphate  of  barjfa  (heavy  spar). 

4.700 

M. 

Sulphate  of  stiootia  (celestine), 

3.950 

M, 

Sulphate  of  lead. 

6.300 

M. 

Sulphate  of  silver,  . 

5.340 

Karstcn. 

s.„h.-o,i,™,{-jf::-;  ■ 

2.900 
2,330 

M. 

M. 

Salphate  of  potash,      . 

2.400 

M. 

Anhydrous  sulphate  of  sotlii,  . 

2.630 

Kai-stcn. 

Chramate  of  potnah,    . 

2.700 

iCopp. 

Chromateoflead  (native), 

6.600 

M, 

Nitrate  of  potash, 

1.930 

M. 

Nitrate  of  baryta,    . 

3.185 

Karsten. 

Mtrate  of  strontia. 

^^trate  of  lead 

4.J0O 
6,700 

GmeUn. 

Molybdatooflead,       .        .        ■ 

Tungstate  of  lead,  . 

8.000 

Tungstate  of  lime, 

6.000 

Karsten. 

Aluminato  of  magnesia  (spinel). 

3.700 

M. 

4.700 

M. 

Silicate  of  zireonia  (zircon),     . 

4.400 

M. 

Borate  of  magnesia  (boviidtc),    . 

2.500 

M. 

db,  Google 


SQOOOOOoSSooSdPQOOOQO 


SiSE53Snn|MSS22S^ggggg 


SSSSS^??!*? 


d  by  Google 


db,  Google 


TABLE    Till. 
?  THE  TENSION  OF  THE  VAPOE  OF  ABSOLUTE  AXCOHOL, 
ACCOEDING  TO  liEGNAUI-T.* 


.0. 

Tension. 

oc. 

TentJoa, 

=  0, 

Taoaion. 

.c. 

,..,... 

O 

0.0 

12.73 

4,0 

16.62 

8-0 

21.31 

12,0 

27.19 

0.1 

12.82 

4-1 

16.73 

8.1 

21.45 

12.1 

27.36 

0.2 

12.91 

4.3 

16.84 

8,2 

21.53 

12.2 

27.53 

0.3 

13.01 

4.3 

16.9S 

8,3 

21.72 

12.3 

27.70 

0.4 

13.10 

4.4 

17.05 

8.4 

21,85 

12.4 

27.87 

0,5 

13.19 

4.5 

17.16 

8.5 

21.99 

12.5 

28.01 

0.6 

13. 2S 

4.6 

17.27 

S-6 

22,12 

12.6 

28.31 

0.7 

13,37 

4.7 

17.33 

8-7 

22,25 

12.7 

23.38 

0.8 

13. -le 

4.3 

17.48 

8,8 

22.39 

12.8 

23.55 

0.9 

13.56 

4.9 

17.59 

8-9 

22.52 

12,9 

33.72 

1.0 

13.65 

6.0 

17.70 

9-0 

22.66 

13,0 

23,89 

l.l 

13.74 

5.1 

17-83 

9,1 

22.80 

13.1 

39,07 

1.2 

13.94 

5.2 

17.93 

9,2 

22.94 

13.2 

29,25 

1.3 

13.93 

5.3 

13.04 

9-3 

23.03 

13,3 

29.43 

1.4 

14.03 

5.4 

18,16 

9-4 

23-23 

13-4 

29.61 

1-5 
1.6 

14.12 
14.22 

5.3 
5.8 

18.27 
18.38 

9.5 
9.6 

23-37 
23.51 

13.5 
13-6 

29.79 
29.97 

1.7 

U.31 

5.7 

18-50 

9.7 

23-65 

13,7 

30-15 

1.8 

14.41 

5.8 

18.61 

23-70 
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TABLE    IX. 


TABLE  FOR  THE   TENSION  OF  AQUEOUS  VAPOR  FOR  TEMPERA- 
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TABLE     X. 
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of  aqueons  vapor,  Jt7&. 
Arohimedes's  Law,  285. 

"  "      demonBtTBtion  of.  2S7. 

"  "     illustraWon  of,  236. 

AP!enic,  oryatalliBatioii  of,  120, 
Arsenlous  Aoid,  crystallizaOon  of,  120. 
Artesian  Wells,  283,  647. 


nospbere,  buoyancy  of  268. 
"  dew-point  ol,  641. 

effects  of  expansion 


Atomic  Theoij,  110. 

Atoms,  size  ot;  Boseoviscb's  opinion  of,  110. 

"  "      Newton's  opinion  of,  110. 

Attraetion  of  Earth.     (See  Gravity.) 


Axes  of  crystals,  121, 123. 
"     biteriQ  and  yerlioal,  123. 

ratio  in  crystals  of  antimony,  122. 
"  "         blehromate  of  pot- 

ash, 124.       [122. 
"  "  earbonate  of  iime, 

"  "  Eypsui"!  123.  [124. 

"  "         sulphate  of  eoppar, 

"  eulplinr,  123.  ' 


_entre  of  gnwlty  of,  how  HJ^'usted, 
degraa  of  sensibility  of,  105.   [101. 
description  of,  100. 
hydrostatic,  248. 
regarded  as  a  lever,  101. 

"  "    pendulum,  102.    [94. 

spring,  indicates  absolute  weight, 
IS,  270. 

ascensional  force  of,  271. 
Eter,  Aneroid,  285. 

Bourdon's  metallic,  190. 

common,  284. 

Fortin's,  a82. 

history  of,  276. 

oscillations  of,  286. 

Rflgnaulrs,  280. 

theory  of,  278. 

used  in  measuring  heights,  804. 
"      metaorolosv,  287. 

Barometrical  Observations,  corrected  for  oa- 
pilLirity,  284,855. 
"  "         corrected  for  tem- 

perature, 284, 611. 
Bevelluig,  131. 
BielmjmatB  of  potash,    ratio  of  crystaHine 

axes  of,  124. 
Billiards,  illtistratlTe  of  elasticity,  201. 
i>.j=„  ..m.i — of  nnelastic,  4r 


Body,  definition  of,  8. 


!,  196. 


oilhig-Point,  determination  of,  569. 
"'  influenced  by  pressure 

"  table  of,  668, 
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Boiling-Point,  use  in  measuring  heights,  66T. 
Bocaoio  Acid,  how  nsad  iu  cryBtalliaing,  120. 
Bosooviach'a  opinion  of  atomic  theory,  110. 
Bourdon.  (Sea  Baromater  and  Manometer.) 
Buoyanoy  of  gases,  268. 

^'         «  Rquida,  235,  347. 
Bismah's  Prsss,  230. 
Br^guet's  Metaillo  Thermometer,  604. 
Britannia  Bridge,  expansion  of,  BOB. 
Brittlenesa,  definition  of,  306. 
Brix,  latent  lieat  of  vapors,  604. 
Bronze,  tempering  of,  312. 
Bansen,  aisoiytion-matBt,  402. 

"        eolution  of  gases  In  liquids,  393. 

"       speoifle  gravity  of  gases,  671.    By 

"       tension  of  condeneed  gases,  693. 


Caqmabd  de  la  Toun,  experiments  on 

dense  vapors,  601. 
Calcita,  hEirdness  of  ISices  of,  310. 

"       ratio  of  oiTstalline  axes  of,  122. 
"       rliombohedrons  of,  152. 
Capillarity,  346. 

"         absorption  of  liquids  by  porous 

Bolid^  363. 
"         amomit  of  pressure,  351. 
"         effects  of  pressure,  S62. 
"         fbrm  of  meniscus,  347,  349. 
"  general  phenomena  of,  346, 854. 

"  lllustratJons  of,  853,  363. 

"         influence  of  temperature  on,  380. 
"         numerical  laws  of,  865. 
"         pressure  lesultang  from  moleeu- 

lar  Ibrces,  349. 

"         Terificatioii  of  laws  of,  357. 

Capillary  Tubes,  height  of  liquid  in,  864, 

"         Plates,  367, 859.  [358, 360. 

Oarbonate  of  soda,  laws  of  its  solubility,  376. 

"         "  lime.    (See  Calcite.) 
Coiljonlo  Acid,  condensation  of,  5B6,  609. 
Cathetometer,  135, 381. 
Cements,  843. 

Centre  of  Gravity,  properties  of  60. 
"  "       position  of,  61. 

"         oscillation,  definiUon  and  proper- 

"         pressure,  220,  240. 
Centigrade  Thermometnc  Scale,  436. 
Centrifugal  foroe,  79. 

"  "      at  equator,  S3. 

modifying  gravity,  SI. 

IJ1UUU1.1U,  ui.™.pfion  of  gases  by,  380. 
Chemical  Cliange,  distingnished  tVom  solu- 
tion, 371. 
"         Physics,  definition  of,  6. 
Cliemistry,  how  d&tinguished  frora  Physics, 
"         tlie  three  questions  ot;  S.         [6. 
Chimney,  tlieory  of,  Sil. 
Cleavage,  laws  of,  206. 

"        planes  of,  119,  304. 
Clock,  description  of,  73. 
Coefficient  m  absorption  of  gases,  883. 

"        "  eompreeaibility  of  liquids,  aiT. 
'•        "  oondnotion  of  heat,  659. 
"         "  cubic  expansion,  482. 
"         "   elasticity,  186. 


Coefficient  of  expansion  of  water,  527. 

"         "         "      ofmereury,510,514. 
"        "  linear  expansion,  491. 
Cohesion,  119,  842. 
Coinage,  20S. 
Collisioa  of  elastic  bodies,  196. 

"       "  nneiastic  bodies,  49. 
Column.    (Bee  Mercury  Column.) 
Combustion,  bent  li'om,  64B. 
Components  and  Kesultants,  38. 
Compressibility  of  gases,  115,  273,  648. 
"  "         laws  of,  287. 

"  "         limit  to,  301. 

"  "   (SecMariotte'sLaw.) 

''  of  liquids,  215. 

"  of  matter,  illnstcations  of. 

Condensation  of  gases,  593.  jlls. 

"  apparatus  of  ^atto- 

rer,  638. 
"  "        apiiaralus   of  Thilo- 

"  "        by  cold,  603. 

"  "        bj'  pressure,  694. 

'^  *'        laraday's       experi- 

ments on,  699. 
"  "        Faraday's      method, 

"  "        heat  resnltins  from. 

Condensed  Gases,  boiUng-poiuls  of,  692. 
"  "       freeilng-points  of,  B99. 

"  '■      latent  heat  of,  609.   [610. 

"  "       low    temperature     from, 


"  "       table  of,  596.  [696. 

Condensing-Pump,  333, 
Conduction  of  Heat,  coefiicienfs  of,  669. 

"  "       illustfations  of,  656. 

"  "       in  crystals,  656. 

"  "  "    Grove's  expert- 

"  Desprelz's  ex- 
periments on,  667. 

"  "        in   liquids,    Eumford's 

experiments  on,  657. 

"  "        in    solids,    condoctocs 

good  and  ba^  664. 

"  "        in  solids,  experiments 

of   Wiedmann   and 

apparatus,  656. 
"  "        in  solids,  laws  of,  656. 

"  "        in  vai'ious  metals,  6B8. 

Co-ordinates,  definition  of,  20 
Copper,  tempering  of,  212. 
Cornish  Boiler,  616. 
Coulomb,  laws  of  elasticity,  192. 
Couples,  definition  of  mechanical,  47. 
Cryophoms,  609, 
Ciystal,  aaces  of,  121. 

"        centre  of,  124. 

"       definition  of,  131. 

"       parameters  of  planes  of,  12*. 

"       pUnes  0^  121. 

"       similar  axes  of,  126. 

"  "       planes  of  126. 

"        size  of,  121. 

"        (See  Form.) 
Crystalline  form,  119. 
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Crvstalline  form,  irkntity  of,  defined,  IS 

"  structure,  119. 

Crystallization,  process  of,  119. 
"  watar  of,  372. 

Ciystallograpliy,  119. 

i,  clea^nge  of,  1    , 
conduction  of  heat  in,  666. 
"        determination  of,  175. 

"  gronps  0^  173. 

"  ^regularities  of,  170. 

"  mofelB  of,  182. 

»  modifictitloaa  of,  ISl,  ITS. 

"  "  ]bwb    governing, 

"  Bimple  and  oompmmd,  129.    [1B2. 

"  aymbols  of,  lafi, 

"  syBtams  of,  121, 176. 

"       (Sea  Form.) 

Daltos'S  Apparatus  for  tension  of  vapors, 

Daniell'B  HygrometBr,  643- 

Densimeter,  252. 

Density,  definition  of,  18.'   (See  Mass.j 

"        how  related  to  weiglit,  91. 
Despreti,  conduction  of  heat  in  liquids,  657. 
'''        expansion  of  ivater,  533,  636,  649. 

"       experiments  on  Marietta's  Law, 


"       tube  of  GnJiHiu,  420. 

"       of  gases,  *19. 

»  "       Dalton's  thaon-  of,  423. 

"  "       illustrations  oi,  428. 

"        of  liquids,  BBS.  [384- 

"  ''       Grnham'saKperimentson, 

"  "      OlustraHons  of,  384. 

"  "      laws  of,  385. 

"  "      (Sse  Osmose). 

DlmonlMBm,  184. 
DiBtniation,  process  of,  688. 
Dividing  eiigine,  443. 
DIvisibmtj  of  matter.    (See  Matter.) 
Dnotility,  205. 

"        ordar  of,  207. 
Dulong  and  Petit,  esperiments  on  expansion 


Elasticity  of  flexure,  187. 
"        "  liquids,  116,  ■ 


215. 


"  "  tension,  laws  of,  186. 

"         "  torsion,  191. 

«  "        "        applications  of,  193. 

«  "        "        laws  of,  192. 

"       perfect  and  imperfect,  116. 

"       varieties  of,  115. 
Elements,  chamieal  definitioa  of;  8. 
Engine,  dividing,  443. 

^'       steam,  616  ef  seq. 
Equilibrium,  mechanical,  definition  of,  84. 
of  floating  1"-^"-  "■" 


3,  489. 


[113. 


"     specific  heat  of  gases,  4 
"      (BeeArago.) 
Dynamics,  dennitjon  of,  84. 

Eakth,  centre  of  gravity  of,  8- 
"       eeoentrioifyof,  S3. 
"       origin  of  form  of,  85. 
"      sphei^oidal  figure  of,  Si 
Effiision  of  giises,  413. 

"        "      '*      experiments  of  Grai^..,i, 
"        "      "      law  of,  414. 
"       "      "     use   in  determining  Sp. 
Or.,  4!4. 
ElasHo  bodies,  ocllision  of,  196. 
Elasticity,  codficient  of,  186. 
"        definition  of,  115. 
"         UmlM  of,  116, 193. 
"        limited  and  unlimited,  115. 
"         of  compression,  187. 
"  "  cryBtak,  105. 


[62. 


stable,  unstable,  and  neutral, 
Expansion,  coefiiciant  of,  491. 
force  of,  499. 
by  haat,  430. 
"      "      cubic,  481, 492. 
"      "      linear,  431, 491. 
heat  absorbed  in,  476,  480. 
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tampe  atu  e,  517. 
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gla»s  497,  4B8. 
per  ments  of  Kopp, 
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PahremhbiTi  UiBrmometrio  scale  of,  J35. 
Faraday  axperimeuts  on  oondenBeil  saaos. 

Float  ng  bodies,  laws  of,  241. 
Flnid  ty  definition  of,  216. 
Force  otftnge  of  point  of  appjication,  38. 
definition  of  medianical,  83. 
mtensi^  and  quantity  of,  87,  53. 
laws  goveming  direction  of,  33, 
«     living,  63. 
,    "     measure  of,  34. 

"     moving,  87.    {Bee  MoDientmn.> 

"     origin  ra  idea  of,  6. 

"     synonvmons  with  voKtion,  7. 

Focoas,  centre  of  parallel^  43. 

"      centrifngiJ  and  ce 

"      compositioii  of,  38,  4S 

"  parallel,  4 


[361,  862. 


"      illustration  of  parallel,  1 
"      parallelogram  of,  89. 
"      represented  by  lineSj  38. 
"      acting  In  the  same  direc 
ant  of,  39. 
Forces,  Molecular,  117,  843. 

"  "       pressure  Hxerlod'by ' , 

Pona,  crystalline,  119, 127. 
"      dominant  and  secondary,  180. 
"      essential  and  aooidental,  119. 
"      hemiliedral,  133. 
"      hoiobedral,  137. 
"      principal,  143, 161,  153, 1B9. 
"      tetartohedra],  139, 1B6. 
"      (Bee  Homlhedral  and  Holohedral,) 
Forms  of  orystala.   Diraetric,  142.   Haxago- 
nal,  147.    Monoolinie,  163.     Mononietflo, 
132.     Ti'iellnio,  168.     Trimstiic,  16S. 
Formulie ;  — 

AbBolufe  SKpansion  of  mercury,  E09. 

"        weiglit,8r. 
Air-thormomeler,  536-539. 


Fonnulai :  — ■ 

Air-pump,  327,  328. 

AnsGysis  of  gases  by  absorption,  411. 

Apparent   expansion   of   mercury, 
613,  514. 

Apparent  and  absolute  coefficient  of 
expansion,  516. 

AEcensiouai  force  of  balloon,  373. 

Borametrloal  observations  corrected 
for  temperature,  611,  613. 
■     Capillaci^j  367,  868. 

Centrifligal  force,  80-88. 

Coelfioieut  of  expansion  and  spscific 
grarity,  496.  [616. 

Coeflicieut  of  expansion  of  solids, 

Collision  of  elastic  bodies,  196-198. 
"         unelasUc  bodies,  49-51. 

Compensating  pendulum,  606. 

Coudnotion  of  heat,  669. 

Correction  of  therraometrio  observa- 
tions, 449. 

Conples,  47. 

Decomposition  of  fbrcea,  41. 

Density  and  weight,  Bl. 

Dimensions  of  sSety-valTe,  620. 

EfiiiBion  of  gases,  415. 

Elasticity  oT  flexure,  188, 

Expansion  by  heat^  493, 493- 

"  "      determination  of. 

Heat  of  tbsion,  560.  [531,  532. 

Hydrometer,  S61, 263. 
Intensity  of  gravity,  86. 

"  "        at  different  laH- 

tudes,  77. 
La  Place's  and  Babmet'a,  306. 
Latent  heat  of  steam,  607. 
Mariotte's  flask,  833,  S24. 

"         law,  387,  288. 
Mass  and  density,  18. 
Measure  of  forces,  86. 
Measurement  of  height  by  barome- 

Bter,  304,  306. 
Momeutum,  37. 
Parallel  forces,  45. 
Parallelogram  of  forces,  40. 
Pendulum,  68,  69,  73,  75,  76. 
Person's  law,  661,  563. 
Power  or  quantify  of  a  force,  53. 
Pressure  of  atmospheie,  279. 

"  liquids,  219,  337,  283. 

Psychrometflr,  644. 
B^uetion  of  tliermometric  scales, 
436,  446. 

"         of  volumes  of  gases  to 


Relative  and  absolute  weight,  96.  [96. 
Kelative  specific  weight  and  density, 
Eelative  specific  weight  and  relative 

weight,  96. 
Relative  weight  and  mass,  96,  96. 
Safety-tnbas,  316,  317. 
Size  of  thermometei^bulb,  446. 
Solution  of  gases,  394. 

"      of  mixed  gases,  406,  407,400. 
Solubiiify  of  salts,  367, 
Specific  gravity,  347-249,  257. 


db,  Google 


Sp.  Gr.  c 
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and  weight,  9. 


Bight,  9i 


of  gaaes,  678. 
"      of  uquida  oorceotea  for  tem- 

"      of  solids  coiTBctad  for  tem- 
peratnra,  BBS. 

"        of  vapors,  6TB,  678. 

"      referred  to  air  and  water,  B3. 

"       weight  and  volume,  92. 
Specific  heat  of  gases  raider  constant 
volume,  481. 

"  "    mathod  of  mixture,  468. 

Specific  weight,  90. 
SV^iod,  831.  ,       [686. 

Tension  and  temparature  of  vapors, 

"      of  aqueous  vapor,  681. 
Uniform  motions,  38. 
Unifotcnly  acoelenited  motion,  24,  35. 

"         retarded  motions,  26,  27. 
Variation  of  gravity  with  height,  86. 
Velocity  of  sound,  483. 
Volume  of  alcohol,  etc.,  618. 

"      of  gases,  a  SI. 

"      of  vfate^27,  [870. 

Weight  of  gas,  reducad  for  latitude, 
'^    ofonec":s:«ofess,668,e69. 
"     ofbodlesinaS,  aflB. 
Woolf 'a  appaiiitns,  819,  330. 
FranMIn,  on  absorption  of  host,  663. 
French  System  of  Weights,  89. 
Freaaing  miidmres,  669. 


FrictJon,lieatof,  at8. 


Fraazing  Points,  oiwZ  Heat  of  Ftision,) 
Fusion  of  solids,  yiti-aous,  648.  [5lh. 

"  "      change  of  volume  attending, 

GAI.TLEO,  propositioii  of  composition  of  ve- 

lodfe    28 
Gallon       pe   aJ  14. 
Qase    nbao  pt  on  of  by  BoUds,  379. 

comp  esslbility  of  116,  273,  287. 

condonsat  on  of.   (See  Condensation.) 

00  dnct  0 1  of  heat  by,  667. 

defl      on  of  quantity  of,  384. 
rect  on  of  pressure  of,  285. 

effih    nof.     (See  Effusion.)        [IIB. 

e  ast  c  ty  of,  perfect  and  unlimited, 

expan  on  of,    (See  Expansion.) 

fl  ^1  T  of  283. 

form     on  of  vapor  in,  636. 

how  d     neulshed  from  liquids,  278. 
vapors,  686. 

mechan  cd  ooiidiiion  of,  263. 

me    od  of  weighing,  270. 

paasBge  of,  through  menibraues,  436. 

permana  t  elastioity  of;  274. 

p  68  ire  due  to  gravity,  266. 
b      TOf    (See  Solubilitv.) 

spe    flo  aravity  of,  93,  273,  670. 

t  n  definition,  263. 

62* 


Gsses,  transmission  of  pressnre,  264. 
"      transpiration  of,  417. 
"      volume  of,  679,     (See  Weighing  ai 


"      weight  of,  370,  6^7. 
Gasometers,  314, 
Gav-Lnasac,  solubility  of  sulphate  of  soda, 

3^4,  37B. 
Geometry,  subject-matter  of,  11. 
Glass,  annealing  of,  212. 

"     espTusion  of   at  dUTerent  tampera- 
tires  498,499 
Cla  ber  baits      (See  Sulpl  ato  of  So  la.) 
t  old  Leaf    llustrata    div    I  hty  of  matter, 
.fk  tureof,aOb  [108. 
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Hadinge   a  183. 
Mt5clalch8,I83. 
Rudbergs  182. 
Snokows  183. 
Wollaatons  179. 
Go   0   eliy  Mdlei'metlodof,  181      [884. 
Graham  9  expen  nants  on  Iifit   ion  of  liquids, 
ot  gasas,  420. 
afins  on  413. 


Gra  lici  and  Pekarek  s  Selarometer  309. 

Gramme,  definition  of,  39. 

Grassi,  on  compressibility  of  liquids,  317. 

Gravitation,  law  of,  86. 

Gravity,  aooaleration  of,  66. 

"       Borda'9  and  CDssini's  experiments 

"       causes  of  variation  of  earth's,  77. 


definition  of,  58. 
direction  of  earth's,  67. 
intensity  of,  64. 

"  how  measured,  69. 

"  represented  by  p,  65. 

irregularities  of,  T 
-leasured  by  pond 

j,omt  of  apjmoatio., 

proportional  to  quantity  of  m _, 

resultant  of  forces  of,  B9.  (66. 

value  of,  at  diiftrent  laUtudes,  76. 
varias  witii  distance,  86, 
(See  Spacifio  Gravity.) 
n,  form  of  crystals  of,  174. 

ratio  of  crj^taUine  axes  of,  138. 


Gyjou 


HALifiTBOM,  expansion  of  wate: 
Hardnass,  definition  of,  208, 

"        how  measured,  208. 

"         of  crystals,  209. 

"        scale  of,  aoo. 

"        selarometer,  309. 
Heat,  a  repulsive  f 


mechanical  equivalent  oi,  4:84,  oud. 

tiieories  of,  430, 

(See  Conduction,  Radiant,  &  Sources.) 
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Latent  Heat  of  Vnpor,  Ecgiiault'a 


"  "       Watt's  tlieory, 

Latitude,  varMon  of  gi'sirity  with, 


Holohedral  Fon 
Hopkins,  effect 
Hydrameter,  2^ 


:BB5ure  on  nieltifls-point, 
[550. 


"  Fahreiiiieit'B,  261. 

"  Kicholson's,  260. 

"  Rousseau's,  256. 

Hydrostado  Ealaiice,  248. 

"  Parados,  228. 

"  Press,  220. 

HyBTometer,  6SB. 

"  Darnell's,  843. 

"  Hair,  file. 

«  lieguault's,  842. 

"  SaueaurB's,  645. 

"  Wen-bulb,  844. 

Hyerametry,  886. 

"  Dalton'B  laws,  688. 

"  dew-point,  641. 

"  drying  appDratns,  646. 

"  foimation  of  mixrf  Tapors,  688 

"  "        of  vapor  in  a,ir,  686. 

"  telatiTe  humidity  of  air,  840. 

"  tension  of  vapor  in  air,  68S. 

"  volume  of  moist  gases,  how  re- 
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